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The toxic dinoflagellate, Karenia brevis, forms nearly annual blooms in the Gulf of 
Mexico that persist for many months in coastal waters, causing extensive marine animal 
mortalities and human health impacts. The molecular mechanisms that contribute to cell 
survival in high density, low growth blooms, and the mechanisms leading to often rapid bloom 
demise are not well understood. The studies presented in this dissertation investigate the 
existence and involvement of a programmed cell death-like (PCD-like) pathway in the demise of 
K. brevis cultures following oxidative stress and chronological aging. Firstly, to gain an 
understanding of the molecular processes that underlie chronological aging in this 
dinoflagellate, a microarray study was carried out and identified extensive transcriptomic 
remodeling during the transition into stationary phase indicative of a shift in the metabolic and 
signaling requirements for survival in a quiescent non-dividing phase. To better understand the 
connection between the transcriptomic context identified in the microarray study and the 
presence of a PCO-like pathway in K. brevis, hallmark morphological and biochemical changes 
(DNA fragmentation, caspase-like activity, and caspase 3-like protein expression) were used to 
define PCD-like morphological changes following chronological aging and oxidative stress. 
Targeted in silico bioinformatic mining was used to identify enzymes potentially responsible for 
the activities observed, as well as the substrates. Finally, K. brevis S-adenosylmethionine 
synthetase (KbAdoMetS), a putative caspase substrate predicted from the bioinformatics 
screen, was examined using MALDI-TOF MS to confirm the validity of the bioinformatics 
approach. Taken together, this work identified that K. brevis contains morphological changes 
indicative of a caspase-dependent PCD-like pathway and that KbAdoMetS is a caspase 3-like 
substrate. Finally, we sought to characterize the presence of metacaspases in Karenia brevis, 
and specifically evaluated the role of metacaspase 1 (KbMC1) during chronological aging and 
vi 
death in culture. Immunocytochemistry, subcellular fractionation, and western blotting results 
using a custom KbMCl peptide antibody indicate that KbMCl may be involved in PCD-like 
execution through its chloroplastic localization with proposed interactions with the 
photosynthetic machinery. This study provides the first comprehensive investigation of the 






Karenia brevis and Florida Red Tide Bloom Dynamics 
Karenia brevis (Davis) G. Hansen & Moestrup {formerly Gymnodiunium breve (Davis)) is 
the unarmored, fucoxanthin-containing dinoflagellate responsible for the near annual harmful 
algal bloom (HAB) events in the Gulf of Mexico. K. brevis is classified as a harmful algal species 
due to its production of a suite of potent neurotoxins known as the brevetoxins. Brevetoxins are 
lipophilic, cyclic polyether compounds that exhibit their toxic effects by binding and persistently 
activating voltage-gated sodium channels in nerve, skeletal, and cardiac cells (Baden 1989). 
Brevetoxin accumulates and is concentrated at higher trophic levels during bloom events 
resulting in massive fish kills, marine mammal mortalities, and contaminated shellfisheries 
(Flewelling et al. 2005; Heil and Steidinger 2009). Human consumption of contaminated 
shellfish results in neurotoxic shellfish poisoning (NSP) and is characterized by parethesia, 
myalgia, vertigo, ataxia, abdominal pain, nausea, diarrhea, headache, bradycardia, and dilated 
pupils (Van Dolah 2000). Inhalation of brevetoxin is associated with respiratory irritation and 
poses an additive threat to individuals with asthma (Abraham et al. 2005; Fleming et al. 2005). 
Coastal HAB events have been conservatively estimated to cause an economic loss to the US of 
at least $82 million per year, with the majority of these impacts seen within the public health, 
commercial fishery, and tourism divisions (Hoagland and Scatasta 2006; Larkin and Adams 
2007). Although red tides have been observed since the 1840s, the occurrence of these HABs 
appears to have increased in frequency and duration over the past half century (Hallegraeff 
1993; Van Dolah 2000; Brand and Compton 2007). 
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K. brevis is found in the Gulf of Mexico at background concentrations ranging from 1 to 
1,000 cells L-1 (Geesey, 1993, Kusek, 1999). Bloom initiation factors are not completely 
understood; however, it is thought that a change in the nutritional status of the water column 
through physical and chemical processes such as upwelling events, circulation patterns, and 
nutrient inputs from Saharan dust storms may contribute to the initial stage of K. brevis bloom 
formation (Walsh and Steidinger 2001; Vargo 2009). Once initiated, the population steadily 
increases by asexual division « 1 division day-l) and oceanographic concentration by advection 
which can cause blooms to reach concentrations of 1 x 108 cells L-1 (Van Dolah et al. 2008). 
Blooms are concentrated and transported inshore by prevailing winds and currents (Walsh et al. 
2006; Stumpf et al. 2008), where they may persist for months. Once inshore, K. brevis 
encounters variability in temperature, salinity, pH, light, and turbulence in the water column 
leading to either adaptation and persistence or bloom demise (Van Dolah et al. 2009). K. brevis 
possesses a number of distinguishing qualities which allow this species to outcompete other 
phytoplankton and persist as the dominant species for months. The majority of the advantages 
K. brevis possesses originates from the species' ability to efficiently take up nutrients from 
oligotrophic waters (Steidinger et al. 1998; Vargo et al. 2008), use both organic and inorganic 
forms of nitrogen and phosphorous (Baden and Mende 1979; Mulholland et al. 2006; Sinclair et 
al. 2009), and vertically migrate to take advantage of increased stratification, reduced 
turbulence, and assist in nutrient acquisition at depth (Schaeffer et al. 2007; Schaeffer et al. 
2009). Other important advantages include photoadaptive abilities to prevent UV damage 
(Evans, 2001) and the ability to produce allelopathic substances which work to reduce the 
growth rate of competing phytoplankton species (Prince et al. 2008). While the physiological 
properties of K. brevis and environmental factors related to the initiation and maintenance 
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phase of blooms have been studied extensively, mechanisms of regulated bloom termination 
remain largely uninvestigated. 
General mechanisms hypothesized to regulate bloom termination include cell lysis due 
to lytic bacteria and viruses, nutrient limitation, grazing by zooplankton and benthic filter 
feeders, dilution, or oceanographic processes disrupting the concentration mechanisms. 
However, each of these mechanisms alone appears insufficient to cause termination (Vargo 
2009). It appears that neither normal cell death rates, nutrient availability, nor grazing plays a 
significant role in termination, given the fact that blooms often persist for months (Vargo 2009). 
There are also insufficient data supporting a major role of bacterial or viral lysis in initiating 
bloom termination (Paul et al. 2002). Recent reviews on this topic have concluded that it does 
not appear as if "normal" mechanisms for bloom termination outlined above exist; therefore, 
they emphasize a role for the physical breakdown of oceanographic processes promoting the 
concentration of blooms as major drivers in termination (Vargo 2009). This most recent 
compilation of bloom termination hypotheses overlooks a potential role for PCD in triggering 
massive dissolution of a population. Although PCD has been identified in a range of 
phytoplankton (detailed below), there have not been any studies to date designed to identify 
the molecular machinery for programmed cell death processes in K. brevis, and as such, its 
contribution to bloom termination remains a viable possibility. 
K. brevis Molecular Biology and Genomic Tools 
Due to the devastating impacts of K. brevis, significant research investment has been 
made in developing genomic tools to study the genetic structure and gene regulation in this 
dinoflagellate. K. brevis possesses an extremely large haploid genome (lxlOll bp) which is 
permanently condensed in a liquid cholesteric DNA crystal state containing peripheral loops of 
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DNA where active transcription can occur (Rizzo 1981; Rizzo and Burghardt 1982; Rizzo et al. 
1982; Sigee 1983). Dinoflagellates lack nucleosomes that typically aid in chromatin packaging; 
however, their DNA is fully eukaryotic in sequence organization with large amounts of repetitive 
DNA (Minguez et aI., 1994), but is unusual in that many genes occur in large tandem repeat 
copies (Bachvaroff and Place 2008). The high copy number of genes and expansion of the 
genome is thought to be due to gene or whole genome duplication events and possible 
retroposition of cDNA back into the genome (Lin et al. 2010). A combined library of K. brevis 
ESTs obtained from cells grown in replete logarithmic and stationary conditions, nitrogen and 
phosphorus limitation, and cells exposed to heat, oxidative, and metal stresses was sequenced 
to yield a total of 11,937 unigenes of which 10,263 were developed as probes on a custom 11K 
oligonucleotide microarray (Lidie et al. 2005; Monroe and Van Dolah 2008). Studies in our lab 
have previously used this genomic tool to investigate the global gene expression patterns under 
photoperiod control to determine underlying molecular processes regulating bloom growth 
(Van Dolah et al. 2007) as well as during acute stress conditions aimed to understand the 
physiological basis for bloom adaptation (Lidie et al. 2005; Lidie 2007). These studies yielded 
unexpected results that implied a lack of transcriptional control of the cell cycle genes and acute 
stress response, which were supported with the discovery that K. brevis possesses a spliced 
leader gene, suggesting the potential role of spliced-leader trans-splicing post-transcriptional 
control to modulate gene expression (Lidie and Van Dolah 2007). Spliced leader trans-splicing is 
a mechanism by which monocystronic mRNA transcripts are matured from polycistronic 
messages by the addition of a 22bp spliced leader sequence that caps the 5' end simultaneously 
with the addition ofa 3'-polyA tail (Zhang et al. 2007; Zhang et al. 2009). This discovery suggests 
that the observed lack of transcriptional control may be attributed to post-transcriptional 
control mediated by this mechanism. An observed increase in transcript levels in acute time 
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points may be due to increased splicing of polycistronic messages into multiple polyA transcripts 
(Morey et al. 2011). Conversely, spliced-leader silencing has been proposed as a regulatory 
mechanism to decrease available pools of mature transcripts in trypanosomes under stress 
(Lustig et al. 2007). It remains unclear whether K. brevis relies on this exact mechanism for 
decreasing transcript pools available for translation under stress. It should also be noted that 
recent mRNA stability estimates suggest long transcript half-lives, upwards of 10 hours 
suggesting that the analysis of differential expression may be a reflection of differential message 
stability. Recent global transcriptomic analyses in chronically stressed K. brevis cultures have 
identified a substantial number of differentially expressed transcripts when compared to control 
culture conditions, suggesting K. brevis is capable of adapting to chronic stress conditions, which 
is reflected in an extensive transcriptomic shift (Morey et al. 2011). Using these studies as a 
basis for understanding the transcriptomic changes during bloom initiation and adaptation, this 
genomic tool continues to be a successful tool for identifying molecular processes critical to 
bloom dynamics, and has been applied in the current study to better understand mechanisms 
involved in bloom termination. 
Programmed Cell Death (PCO) in Unicellular Eukaryotes 
Programmed cell death (PCD) is an active, genetically controlled process leading to the 
elimination of damaged cells in eukaryotes, and has been established as a critical process for 
growth and development of multicellular organisms. In mammalian systems, programmed cell 
death (or apoptosis) can be initiated by a diverse group of external and internal signals such as 
toxins, hormones, growth factors, nitric oxide, reactive oxygen species, Ca2+ levels, and DNA 
damage. These death inducing signals are potentiated by caspase (cysteine-dependent aspartic 
acid proteases) enzymes (Chowdhury et al. 2008) ultimately leading to the orderly destruction of 
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the cell, as opposed to necrotic death which can be characterized by nonspecific and disorderly 
lysis. External signals, such as Fas ligand (FasL) and tumor necrosis factor alpha (TNFa) activate 
death receptors, causing recruitment of receptor adapter proteins such as Fas-associated death 
domain protein (FADD). FADD recruits initiator caspases, such as caspase 8, causing 
autoprocessing and activation that can directly cleave and activate executioner caspases (3, 6, 
and 7) which cleave death substrates such as enzymes involved in DNA repair, structural nuclear 
proteins, and fragmentation of DNA resulting in apoptotic death morphologies. Caspase 8 can 
potentiate the death signal through the internal caspase pathway where it cleaves BH3-
interacting domain death agonist (BID) to its activated form, tBID, which initiates the 
mitochondrial outer membrane permeabilization (MOMP) process leading to the release of 
cytochrome c and other apoptogenic factors. Cytochrome c release triggers the formation of 
the apoptosome, which includes a seven-homodimer complex of caspase 9 and apoptotic 
protease-activating factor 1 (APAF1). The apoptosome functions to activate executioner 
caspases which cleave a diverse set of downstream targets. Cleavage of the downstream 
targets such as the major constituents of the cytoskeletal system gives the cell its rounded 
morphology and causes membrane blebbing, while degradation of nuclear lamins and actin 
cause the disintegration of the nuclear envelope and nuclear fragmentation. Cleavage of 
proteins found in focal adhesion sites and desmosomes disrupts the cell's interaction with the 
extracellular matrix. In addition to weakening the cell's structural integrity, caspases cleave 
many proteins involved with general maintenance functions such as transcription and 
translation, mediate DNA condensation and degradation, as well as orchestrate fragmentation 
of the ER, Golgi, and mitochondria. Removal of the cell with its plasma membrane still intact is 
considered the most important part of this process and is aided by the formation of apoptotic 
bodies and externalization of phosphaditylserine in the plasma membrane which serves as a 
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recognition ligand for phagocytes. This summary of the common scheme of the mammalian 
apoptotic pathway exemplifies the classical coordinated events necessary for the programmed 
destruction of a cell in the context of a multicellular environment (Boyce et al. 2004; Degterev 
and Yuan 2008; Taylor et al. 2008). 
Extensive research across all major unicellular eukaryotic taxa has now demonstrated 
the presence of a PCD pathway (Shemarova, 2010); however, the homologs of many of the 
above pathway constituents have not been identified or do not exist, suggesting more ancient 
organisms contain a simpler PCD-like pathway. The majority of unicellular PCD research to date 
has been performed in the common baker's yeast, Saccharomyces cerevisiae (Madeo et al. 
2002; Herker et al. 2004; Madeo et al. 2004; Buttner et al. 2006; Carmona-Gutierrez et al. 2010). 
Similarly, extensive effort has been made in understanding the constituents of parasitic 
protozoan PCD, such as Leishmania and trypanosomes, as it appears that death via a PCD-like 
pathway may represent an alternative method for clonal selection, immune response evasion, 
and population size regulation, and as such is an important pathway for directing therapeutics 
(Bruchhaus et al. 2007). PCD-like pathway constituents and morphological characteristics have 
been demonstrated in a wide range of phytoplankton groups including dinoflagellates (Vardi et 
al. 1999; Franklin et al. 2006; Vardi et al. 2007; Bouchard and Purdie 2011), chlorophytes 
(Segovia et al. 2003; Segovia and Berges 2005; Segovia and Berges 2009), diatoms (Allen et al. 
2006; Bidle and Bender 2008; Vardi et al. 2008; Thamatrakoln et al. 2012), coccolithophores 
(Bidle et al. 2007), cyanobacteria (Ning et al. 2002; Berman-Frank et al. 2004; Berman-Frank et 
al. 2007), and Archaea (Bidle et al. 2010). The induction of PCD in various types of 
phytoplankton has been described for a wide range of death-inducing conditions such as cell 
age, C02 and nutrient limitation, light intensity, osmotic shock, UV damage, viral infection, and 
heat stress resulting in a wide variety of death morphologies (reviewed in Bidle et al. 2004; 
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reviewed in Table 1, Dingman and Lawrence 2012). This was particularly exemplified in the 
unicellular chlorophyte, Dunaliella virdis, which demonstrated a wide range of morphotypes 
dependent on the type of death insult (Jimenez et al. 2009). Due to the extensive research in 
this phytoplankton species, it currently serves as the best model for demonstrating the diversity 
of morphological phenotypes that can occur during cell death in an algal species. Phenotypic 
changes in D. virdis most characteristic of mammalian apoptosis were described for senescence, 
defined as natural cell aging, with hallmarks being classic chromatin condensation, DNA 
fragmentation, intact organelles, and membrane blebbing. Acute heat stress appeared to 
induce a necrotic-like death, while UV irradiance demonstrated an intermediate phenotype 
indicative of aponecrosis-like death. Hyperosmotic stress induced a parapoptotic phenotype, 
which included chromatin spotting and extensive cytoplasmic swelling, while nitrogen starved 
cells underwent a death reminiscent of autophagy with extensive vacuolization. In all cases, D. 
virdis (as well as in D. tertiolecta placed in darkness (Segovia et al. 2003; Segovia and Berges 
2009)) demonstrated an increase in caspase-like activities and expression levels of a caspase-like 
protein (determined from western blotting with human caspase 3 anti-sera) suggesting 
biochemical events similar to the classical mammalian pathway also exists in this chlorophyte. 
Research in this organism has elegantly demonstrated that the type of death, pathways induced, 
and subsequent morphologies can differ greatly based on the initial death signal. However, this 
is also the case when comparing death morphologies across taxa, as the same death signal may 




Metacaspases are caspase orthologs first discovered in silico in plants, fungi, and 
protists (Uren et al. 2000). Caspases (cysteine-dependent aspartic acid proteases) in metazoan 
PCD are involved in initiating the signal transduction death pathway, while also serving as 
downstream executioners. These proteases are highly specific and only cleave after an 
aspartate residue in the P1 position once a specific tetrapeptide sequence is recognized 
immediately upstream of the P1 cleavage site. Such specificity allows for this pathway to be 
turned on under strict circumstances, and PCD as a whole can be defined by these coordinated 
cleavage events (Chowdhury et al. 2008). Metacaspases contain a well-conserved cysteine-
histidine catalytic diad and a p20 caspase domain, both distinguishing structural features of all 
clan CD Cys proteases; however, their cleavage specificity appears to have a preference for 
arginine and lysine residues in the P1 position (Uren et al. 2000; Vercammen et al. 2007). Plant 
metacaspases have been shown to be activated by cleavage of a C-terminal p10 domain, rather 
than the prodomain like mammalian caspases, with the catalytic cysteine critical for 
autoprocessing (Vercammen et al. 2004). Further analyses of metacaspase activation identified 
that the catalytic cysteine is regulated at the post-translational level by S-nitrosylation in plant 
systems (Belenghi et al. 2007). Initial evidence of metacaspase involvement in PCD came from 
studies in the baker's yeast, Saccharomyces cereviciae (Madeo et al. 2002L whereby the 
disruption of the metacaspase 1 (ycal) gene rescued the cells from death induced by hydrogen 
peroxide (Khan et al. 2005). Further studies in other fungi, protists, and plants including 
Aspergillus fumigatus, Trypanosoma brucei, Leishmania major, and Arabidopsis thaliana have 
also indicated a central role for metacaspases in mediating PCD (Szallies et al. 2002; Vercammen 
et al. 2004; Gonzalez et al. 2007; Lee et al. 2007; Richie et al. 2007). Similarly, metacaspase 
sequences are widespread throughout all phytoplankton lineages spanning an extensive 
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evolutionary history (Bidle and Falkowski 2004). Interest in phytoplankton PCD fueled 
particularly by its potential role in coupling primary productivity to the microbial food web led to 
convincing morphological, biochemical, and molecular evidence of metacaspase-mediated PCD 
in response to nutrient limitation and cell age in the marine diatom, Tha/assiosira pseudonana 
(Bidle and Bender 2008) and during viral lysis in the dominant coccilithophore, EmiJiania hux/eyi 
(Bidle et al. 2007). Although the cellular processes and molecular machinery regulating cell 
death in phytoplankton are starting to receive more attention, it remains unknown whether K. 
brevis possesses this machinery and utilizes this process. 
The Role of Chloroplasts and ROS Accumulation in Regulating PCD 
Common to the PCD-triggering insults studied in phytoplankton appears to be the 
generation of reactive oxygen species (ROS). Reactive forms of oxygen including superoxide 
radicals {02·-L hydroxyl radical (·OH), and hydrogen peroxide (H202) are inevitably formed by 
leakage of electrons onto molecular oxygen from the electron transport activities in the 
chloroplasts and mitochondria (Van Breusegem and Dat 2006). In photosynthetic organisms, it 
has been established that the major source of ROS stems from photosynthesis in the chloroplast 
as opposed to the respiratory chain in the mitochondria (Gechev et al. 2006). ROS have been 
identified as key modulators of growth, development, stress adaptation, and PCD in plants 
(Gechev et al. 2006). Plants possess an active defense system against invading pathogens 
through rapid and localized PCD, termed the hypersensitive response (HR). Plant HR- cell death 
has been characterized as a form of PCD, in which the production of ROS, altered ion flux, 
protein kinase/phospatase activity, and gene activation have been shown to be crucial (Gechev 
et al. 2006; Williams and Dickman 2008). An increasing number of reports have now identified a 
role for mitogen-activated protein kinases (MAPK) in the perception of ROS for the execution of 
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PCD (Cvetkovska et al. 2005). More specifically, following MAPK activation, carbon fixation was 
inhibited causing excess excitation energy and the formation of ROS in the chloroplast which led 
to PCD. Consistent with previous findings that light is necessary for chloroplastic ROS formation 
and death, Arabidopsis thaliana plants kept in the dark did not accumulate ROS and did not 
undergo PCD. Furthermore, A. thaliana metacaspase 1 (AtMC1) is localized to the chloroplast 
during HR (Castillo-Olamendi et al. 2007). Other studies in this field have also established the 
requirement for light in rapid HR-PCD and activation of the same MAPK pathway, further 
implicating these factors in the execution of HR-PCD (Chandra-Shekara et al. 2006). Together, 
these data suggest a connection of chloroplast-localized death machinery with 
photosynthetically driven MAPK-dependent ROS accumulation. 
The accumulation of ROS as a trigger of bloom termination in response to 
environmental C02 limitation has been established in the freshwater bloom-forming 
dinoflagellate, Peridiunium gatunense. Consistent with the proposed role for ROS in plants, the 
observed programmed cell death in P. gatunense was suppressed by the addition of catalase 
and E64, a ROS scavenger and cysteine protease inhibitor respectively (Vardi et al. 1999). The 
identification of a quorum sensing-like thiol protease excreted from compromised P. gatunense 
possessing high ROS levels further established the central role of ROS in the execution of PCD; 
however it also identified an intriguing role for population structuring (Vardi et al. 2007). The 
availability of light is considered one of the most important factors for phytoplankton growth; 
therefore dark treatment has been extensively studied in the aforementioned unicellular 
chlorophyte, D. tertiolecta. Numerous reports have been published using this culture model 
establishing that dark treatment is a crucial factor for inducing PCD in this organism (Segovia et 
al. 2003; Segovia and Berges 2005; Segovia and Berges 2009). Central to dark induced PCD 
appears to be the accumulation of ROS, the induction of caspase-like protein expression and 
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activity, and subsequent death with phosphatidylserine externalization, chromatin margination, 
nuclear degradation, and DNA fragmentation, all of which were reversed with a broad-spectrum 
caspase inhibitor, Boc-D-FMK. Several pieces of evidence including the existence of a T. 
pseudonana metacaspases that contains a chloroplast transit peptide (Bidle and Bender 2008) 
and the identification of Ca2+-dependent death specific proteins putatively localized to the 
chloroplast during iron and oxidative stress (Thamatrakoln et al. 2012) support the need to 
further define the role of chloroplast localized death machinery in the execution of PCD-like 
death in phytoplankton. 
Evolutionary Drivers of PCD in Phytoplankton and Potential Roles in Controlling Bloom 
Dynamics 
Historically, phytoplankton cell death has been ignored with research efforts more 
focused on understanding the environmental factors and underlying molecular pathways 
regulating cell growth and division. This has, however, shifted over the last decade, providing 
intriguing evidence that PCD in phytoplankton plays a previously unrecognized, but potentially 
crucial role in population structuring, species succession, biodiversity/selection, and 
biogeochemical cycling (Bidle and Falkowski 2004; Franklin et al. 2006). The identification of PCD 
in basal, unicellular organisms has established that the origin of apoptosis had erroneously been 
placed with the evolution of multicellular life. In fact, it has now been proposed to have evolved 
during an endosymbiotic event from the resolution of the conflicting heterogeneous genomes 
(Ameisen 1996). Several hypotheses for retaining this machinery have suggested that PCD in 
unicellular organisms is an altruistic adaptation used to preserve the overall fitness of a 
population. The elimination of genetically damaged cells from the population ensures long term 
species succession, while immediate utilization of the dead cells' extruded organic matter 
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provides nutrients for the uncompromised individuals of the population. The identification of 
PCD in phytoplankton has now revealed a previously unidentified term in calculating energy flux 
through the ocean environment. It has been hypothesized that PCD induced by environmental 
stress and viral lysis may "short circuit" up to 50% of the primary production to the microbial 
loop instead of supporting carbon flux up the food chain through larger grazers (Bidle and 
Falkowski 2004). Overall, PCD in phytoplankton represents an important biogeochemical cycling 
mechanism for shunting photosynthetically fixed carbon away from secondary producers, 
creating a more regenerative system. 
Aging and Death in K. brevis 
The role of PCD in K. brevis is currently unknown, as is the molecular machinery involved 
in its execution. As outlined in the National Oceanographic and Atmospheric Administration's 
2005 - 2015 Harmful Algal Research and Response National Environmental Science Strategy 
(HARRNESS 2005), management and control strategies are needed to reduce impacts on coastal 
resources, local economies, and threats to public health. The capability to forecast or influence 
the demise of blooms would be of immediate value to coastal managers. However, the 
development of such strategies requires fundamental understanding of the biological processes 
involved. The studies presented in this dissertation were carried out to further our 
understanding of the molecular mechanisms involved in aging and cell death in the Florida red 
tide dinoflagellate, Karenia brevis, by addressing the following specific aims. 
1. Characterize the molecular processes involved in the chronological aging process by 
evaluating the global transcriptomic signatures during the entry and maintenance of 
stationary phase growth. 
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2. Evaluate the existence of a PCD-like pathway in K. brevis 
3. Evaluate the involvement of K. brevis metacaspases in the execution of PCD-Iike 
death. 
To better understand the chronological aging process in K. brevis, Chapter 2 investigates the 
transcriptomic response to aging using microarray analysis over a full 18-day growth curve, with 
an emphasis on the transition from exponential growth to maintenance or stationary phase. 
Chapter 3 addresses the proteins responsible for caspase-Iike activity in K. brevis during 
chronological aging as well as during ROS-induced cell death. Morphological changes associated 
with PCD are assessed to determine the connection between caspase activity and the induction 
of a PCD-like pathway. A bioinformatic approach was taken to identify the downstream target 
sequences of caspase-like enzyme activity. Validation of a novel caspase substrate, S-
adenosylmethionine synthetase (KbAdoMetSL was analyzed by MALDI-TOF and demonstrated it 
is capable of being cleaved at the predicted motif by caspase 3. Chapter 4 characterizes the K. 
brevis metacaspase 1 (KbMC1) protein in the context of the chronologically aging process and 
ROS driven PCD-Iike death, with an analysis of KbMC1's protein processing biochemistry} 
localization} and abundance. A bioinformatics approach is then employed to define the likely 
downstream substrates of KbMCl in the K. brevis transcriptome. Finally, Chapter 5 provides a 
synthesis of the molecular processes regulating aging and death in K. brevis, as well as a 
perspective on the contributions of this study to the improvement of diagnostics for defining the 
physiological status in field populations and improved forecasting methods to reduce the 
impacts of HABs. 
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CHAPTER 2 
TRANSCRIPTOME REMODELING ASSOCIATED WITH THE CHRONOLOGICAL AGING IN THE 
DINOFLAGELLATE, KARENIA BREVIS 
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INTRODUCTION 
The budding yeast Saccharomyces cerevisiae has provided a robust model for 
understanding the cellular processes of chronological aging, defined as the processes a cell 
undergoes to survive in a sub-optimal, non-dividing state, i.e. stationary phase (Fabrizio and 
Longo 2003). In this aging model, genomic tools have greatly augmented mutant-based 
screening studies to provide better resolution of the processes of chronological aging (Gasch et 
al. 2000; Martinez et al. 2004; Fabrizio et al. 2005; Matecic et al. 2010). In particular, analyses of 
the yeast transcriptome during the entry and maintenance of stationary phase identified genes 
essential for survival, including genes important to mitochondrial function, post-translational 
modification, and the induction of stress resistance (Gasch et al. 2000; Martinez et al. 2004). 
Understanding the signaling and metabolic requirements of surviving quiescent yeast cells has 
not only led to a better understanding of the mechanisms underlying the chronological aging 
process, but has also allowed for greater insight into areas such as pathogen control (Roux et al. 
2010) and the impact of the quiescent state on carbon fixation and other environmental 
processes (Martinez et al. 2004). By comparison, it remains largely unknown what molecular 
processes regulate chronological aging in unicellular eukaryotes in the marine environment. 
Until recently, it has been assumed that phytoplankton are immortal, with cells growing 
indefinitely, primarily by vegetative cell division, and controls imposed entirely by predation or 
sinking (Bidle and Falkowski 2004). However, a range of terminal phenotypic changes indicative 
of programmed cell death (peD) has recently been described in several phytoplankton species 
from diatom, dinoflagellate, and chlorophyte lineages for a wide range of death inducing stimuli 
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(Vardi et al. 1999; Segovia et al. 2003; Bidle and Falkowski 2004; Franklin et al. 2006; Bidle and 
Bender 2008, Thamatrakoln et al. 2012). Yet, the molecular mechanisms involved in the aging 
processes that may precede the induction of PCD during natural cell demise in these organisms 
remain unexplored. For this reason, the current study carries out a broad survey of the 
transcriptome over the growth curve of a dinoflagellate, Karenia brevis, to gain insight into 
chronological aging, defined here as processes that underlie entry into and maintenance of 
stationary phase. 
Karenia brevis is the dinoflagellate responsible for the nearly annual harmful algal bloom 
(HAB) events in the Gulf of Mexico. K. brevis is classified as a harmful algal species due to its 
production of a suite of potent neurotoxins known as the brevetoxins. Brevetoxins are 
lipophilic, cyclic polyether compounds that exhibit their toxic effects by binding and persistently 
activating voltage-gated sodium channels in nerve, skeletal, and cardiac cells (Baden 1989). 
Brevetoxin accumulates and is concentrated at higher trophic levels during bloom events 
resulting in massive fish kills, marine mammal mortalities, and contaminated shellfisheries 
(Flewelling et al. 2005; Heil and Steidinger 2009), while human consumption of contaminated 
shellfish results in neurotoxic shellfish poisoning (NSP) (Van Dolah 2000). Inhalation of 
brevetoxin is associated with respiratory irritation and poses an additive threat to individuals 
with asthma (Abraham et al. 2005; Fleming et al. 2005). Coastal HAB events have been 
conservatively estimated to cause an economic loss to the US of at least $82 million yea(l, with 
the majority of these impacts seen within the public health, commercial fishery, and tourism 
divisions (Hoagland and Scatasta 2006; Larkin and Adams 2007). Although red tides have been 
observed since the 1840s, the occurrence of these HABs appears to have increased in frequency 
and duration over the past half century (Hallegraeff 1993; Van Dolah 2000; Brand and Compton 
2007). For these reasons, understanding the molecular processes regulating chronological aging 
25 
in relation to the ability of dense K. brevis blooms to persist in the coastal environment is of 
great interest. 
Blooms of K. brevis are initiated offshore in oligotrophic waters in response to physical 
and chemical processes resulting in nutrient inputs from upwelling events, changing circulation 
patterns, and possibly Saharan aolean dust (Walsh and Steidinger 2001; Vargo et al. 2008; 
Vargo 2009). Once initiated, the population increases slowly by asexual division ("'0.3 division 
day-i) which, with oceanographic concentration by advection, can produce blooms at 
concentrations of 1 x 108 cells L-i (Van Dolah et al. 2008). Blooms transported inshore by 
prevailing winds and currents (Walsh et al. 2006; Stumpf et al. 2008) encounter increased 
variability in temperature, salinity, pH, light, and turbulence, leading to either adaptation and 
persistence (maintenance phase) or bloom demise (termination phase) (Van Dolah et at. 2009). 
K. brevis possesses a number of distinguishing physiological attributes that may allow this 
species to outcompete other phytoplankton, including the ability to efficiently take up nutrients 
from oligotrophic waters (Vargo et al. 2008; Vargo 2009), the use of both organic and inorganic 
forms of nitrogen and phosphorous (Baden and Mende 1979; Mulholland et at. 2006; Sinclair et 
at. 2009), and vertical migration to assist in nutrient acquisition (Schaeffer et at. 2007; Schaeffer 
et al. 2009). Other adaptive characteristics include photoadaptive abilities to prevent uv 
damage (Evens et at. 2001) and the production of allelopathic substances which work to reduce 
the growth rate of competing phytoplankton species (Prince et at. 2008). While K. brevis does 
possess a number of physiological properties aiding in its ability to persist and outcompete, very 
little is known about the underlying molecular processes that allow for K. brevis to be 
maintained in such dense, often unialgal populations that characterize maintenance phase (Van 
Dolah et al. 2008). 
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To gain an understanding of the molecular processes involved in chronological aging in 
K. brevis, here we determined the global transcriptomic signatures during entry and 
maintenance of stationary phase using a custom 11K microarray (Lidie et al. 2005). This 
genomic tool has previously been used to investigate the global gene expression patterns under 
photoperiod control to determine underlying molecular processes regulating growth in relation 
to bloom initiation (Van Dolah et al. 2007) as well as during acute stress conditions aimed to 
understand the physiological basis for cellular stress adaptation and toxin biosynthesis (Van 
Dolah et al. 2007; Monroe et al. 2010)). These studies yielded unexpected results that implied a 
lack of transcriptional control of diverse processes, including the cell cycle and acute stress 
response genes, which were later supported with the discovery that K. brevis possesses a spliced 
leader gene (Lidie and Van Dolah 2007; Zhang et al. 2007). Spliced leader trans-splicing is a 
mechanism by which mRNA transcripts are matured from polycistronic messages by the 
addition of a 22bp spliced leader sequence to the 5' end and while simultaneously a 3' polyA tail 
is added (Zhang et al. 2007; Zhang and Lin 2009). This discovery suggests that the observed lack 
of transcriptional control may be attributed to post-transcriptional regulation of gene 
expression, as observed in trypanosomes. 
Despite the uncertainty regarding whether dinoflagellate genomes are regulated solely 
at the post-transcriptional level, transcriptomic studies in this dinoflagellate have identified key 
molecular processes important to the ecology of K. brevis (Lidie 2007; Van Dolah et al. 2007; 
Monroe et al. 2010; Morey et al. 2011). The current study further identifies a significant 
reorganization of the K. brevis transcriptome between logarithmic and stationary phase growth, 
demonstrated by approximately 29% of the array features being differentially expressed. Gene 
ontology enrichment analysis indicates that this dramatic transition represents a global 
rearrangement of metabolic and signaling requirements for survival in stationary phase. 
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MATERIALS AND METHODS 
Culture Conditions 
Karenia brevis (Wilson isolate) was maintained in batch cultures in l-L glass bottles with 
autoclaved, 20 f.lm filtered seawater at 36 psu obtained from the Vero Beach Field Station 
seawater system at the Florida Institute of Technology. Seawater was enriched with modified 
//2 medium with 0.01 mM selenous acid (final concentration) and ferric sequestrene used in 
place of EDTA·Na2 and FeCI3·6H20. Cultures were maintained on a 16:8 light-dark cycle, with 
illumination from cool white lights at a photon flux density of SO - 6S f.lE·m-2.-1 measured with a 
LiCor 21t meter. 
Growth Curve Study Design 
Twenty seven 900ml batch cultures were inoculated at a starting concentration of 
approximately 1000 cells/ml from mid-logarithmic stage starter cultures on day o. Triplicate 
cultures were harvested every other day from day 2 to 18. Growth and cell abundance was 
determined for each sampling day using a Beckman Coulter Multisizer 3 (Fullerton, CAl, and the 
specific growth rate and divisions per day were calculated over the growth curve (Levasseur et 
al. 1993). 
RNA Processing 
At each time point triplicate 900ml cultures were harvested by centrifugation (600g for 
10 minutes at room temperature) and total RNA was extracted using Tri-Reagent according to 
the manufacturer's protocol (Molecular Research Center, Inc., Cincinnati, OH). Following RNA 
isolation, suspended RNA was cleaned using an RNeasy mini column (Qiagen, Valencia, CAl 
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according to the manufacturer's protocol, and quantified and qualified using a NanoDrop ND-
1000 (Wilmington, DE) and Agilent 2100 Bioanalyzer (Santa Clara, CAl respectively. 
One Color Microarray Analysis 
A K. brevis 60-mer oligonucleotide microarray containing 10,263 probes designed from 
cDNA libraries made under nutrient replete and a combination of stress conditions (Lidie et al. 
2005) was used in a one-color format to compare gene expression over the growth curve. Total 
RNA (700ng) from the biological triplicates from days 4, 6, 10, 14, and 18 was amplified and 
labeled with Cy3 dye using the Low Input Linear Amplification Kit (Agilent, Santa Clara, CAl. 
Amplified and labeled RNA (cRNA) was measured for dye incorporation and total quantity using 
a Nanodrop ND-1000 (Wilmington, DE). cRNA (480ng total) from each biological replicate was 
hybridized to a single array for 17 hours at 60°C then washed according to manufacturer's 
protocol (Agilent). Microarrays were imaged using an Agilent microarray scanner. The images 
were extracted with Agilent Feature Extraction version 9.5.3.1 and data was analyzed with 
Rosetta Resolver version 7.2 gene expression analysis system (Rosetta Biosoftware, Cambridge, 
MA). Using a rank consistency filter, features were subjected to a combination linear and 
LOWESS normalization algorithm. The probes that displayed significant change in abundance 
over the growth curve were selected by applying a one way ANOVA (p < 0.01) on the normalized 
signal intensity values across time (n = 3/timepoint) with the Bonferonni mUltiple test correction 
adjustment (p < 0.01) and were found to be significantly different than day 6 using the Tukey-
Kramer post-hoc test (p < 0.10) (Figure 1- workflow summary). Based on the Rosetta error 
model for the Agilent platform, an average intensity was generated from the three biological 
replicates for each feature on the array to produce a composite array at each timepoint (Weng 
et al. 2006). Composite arrays generated for each timepoint were used to build ratios relative 
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to the day 6 mid-logarithmic phase timepoint. Only features that exhibited at least a 0.23 log 
ratio change (1.7 - fold change) relative to day 6, with a composite array p-value in at least one 
timepoint, and a BLAST e-value ~ 0.0001, were included in the trend set. Due to the fact that 
low intensity features are unreliable (Shi et al. 2005), features with signal intensity less than 70 
counts at all time-points were excluded from the trend set. The final trend set of significantly 
changing features was clustered using a Euclidean distance metric by an Agglomerative 
clustering algorithm. Identified clusters were further analyzed for GO term enrichment using 
the modified Fisher's Exact test in Blast2GO version 2.3.6 using both the standard and GO SLIM 
analyses (Conesa et al. 2005). All raw gene expression data have been deposited in NCBI's Gene 
Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/, GEO series accession number 
GSE30913). 
Quantitative Real-Time peR 
Differentially expressed genes of interest identified from GO enrichment analysis were 
selected for validation of the microarray results by quantitative RT- PCR (qPCR). Reverse 
transcription reactions (n = 6) were carried out using 200 ng total RNA with an oligo(dT) primer 
using Ambion's RETROscript Kit (Austin, TX) and pooled for each sample. Gene specific primers 
(Supplemental Table 1) were used for qPCR on an ABI 7500 using the ABI Power SYBR Green 
master mix (Applied Biosystems, Foster City, CAl. The efficiency of each primer set was 
determined using a standard curve of eDNA from K. brevis, and only reactions within 90 - 110% 
were analyzed. Melt curve analysis was performed following each PCR to confirm single product 
amplification. Each qPCR assay was run in triplicate on each pooled biological replicate cDNA 
sample at each time point. The average difference in the Ct values for day 10, 14, and 18 
samples from day 6 was used to determine the relative expression of each gene compared to 
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mid-logarithmic phase. Contig_ 4846, a hypothetical protein, was assayed to verify that no 
change was observed over time as its expression did not change significantly in the microarray 
experiment (ANOVA, P > 0.05). Correlation to the microarray data set was determined using 
Spearman's Rho Correlation, due to the variables' non-normal distribution, using JMP version 
5.1.2 (SAS Institute, Cary, NC). 
Two Color Microarray Analysis 
One microgram of each triplicate RNA sample from each day was pooled to perform 
two-color microarray analysis on the custom Agilent oligonucleotide microarray. Total RNA (600 
ng) from each pooled timepoint sample was labeled with Cy3 or Cy5 dye using a low input linear 
RNA amplification kit according to manufacturer's recommendations (Agilent, Palo Alto, CAl. 
Following cleanup, labeled cRNA was quantified by UV spectroscopy and 480 ng each of Cy3 and 
Cy5 labeled targets were hybridized to the array for 17 hours at 60°C, with Day 6 samples 
serving as the control for each array. After hybridization, arrays were washed consecutively in 
solutions of 6X SSPE and 0.005% N-Iaurylsarcosine and 0.06X SSPE and 0.005% N-Iaurylsarcosine 
for 1 min. each at room temperature, followed by a 30 second wash in a stabilization and drying 
solution (Agilent, Palo Alto, CAl. Microarrays were imaged using an Agilent microarray scanner. 
Images were extracted with Agilent Feature Extraction version A7.5.1 and using a rank 
consistency filter, features were subjected to a combination linear/LOWESS normalization 
algorithm. The normalized array data was analyzed using Rosetta Resolver 5.1 gene expression 
analysis system. A composite array was generated from the two dye-swapped replicate arrays, 
in which a weighted average was calculated for each feature based on the Rosetta error model 
designed for the Agilent platform, in which feature quality (p-value) is taken into consideration. 
As in the one-color analysis, the probes that displayed significant change in abundance over the 
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growth curve were selected by applying a one way ANOVA (p < 0.01) on the normalized signal 
intensity values across time with the Bonferoni multiple test correction adjustment (p < 0.01) 
and were found to be significantly different than day 6 using the Tukey-Kramer post-hoc test (p 
< 0.10). Only features that exhibited at least a 0.23 log ratio change (1.7 - fold change) relative 
to day 6, with a composite array p-value in at least one timepoint, and a BLAST e-value :::;; 0.0001, 
were included in the trend set. Features with signal intensity less than 70 counts at all time-
points were excluded from the trend set. The final trend set of significantly changing features 
was clustered using a Euclidean distance metric by an Agglomerative clustering algorithm. 
Identified clusters were further analyzed for GO term enrichment using the modified Fisher's 
Exact test in Blast2GO version 2.3.6 using both the standard and GO SLIM analyses (Conesa et al. 
2005). 
RESULTS 
Overview of Differential Gene Expression Over the Growth Curve 
To define growth stages, the cell concentration and growth rates were measured every 
other day from day 2 to day 18 for each replicate prior to harvest (Figure 2). Growth reached a 
maximum rate on day 6 (mid-logarithmic phase) at 0.6 ± 0.13 divisions per day with the 
logarithmic growth stage lasting approximately six days (day 2 - 8). The transition from 
logarithmic to stationary phase growth was defined by a 32% decrease of the growth rate on 
day 10, with stationary phase lasting until the end of the experimental sampling, day 18, when 
the mean divisions per day reached zero and cell concentrations decreased in two of three 
replicate cultures. In this study, we limited our focus to the transcriptional changes that 
occurred near growth stage transitions. Mid-logarithmic phase (day 6) was used as the point of 
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comparison to early-logarithmic phase (day 4), the transition to stationary phase (day 10), mid-
stationary phase (day 14), and late-stationary phase (day 18) (Figure 2). 
Microarray analysis of transcript abundance changes over the growth curve (Fig. 1 -
workflow summary) resulted in a total of 2958 features differentially expressed with 35, 280, 
2857, and 351 features differentially expressed on day 4, la, 14, and 18, respectively. Of the 
2958 significant features, 38.67% encoded proteins of known function or possessed a BLASTx e-
value:5 1e-4. Hierarchical clustering was applied to the final set of significantly changing features 
to determine the temporal dynamics of the transcriptome over the growth phases (Figure 3A). 
Two main groups were identified from this clustering method, representing transcripts that 
increased in abundance (red) and those that decreased in abundance (green) throughout 
stationary phase. Since only 0.34% of the features on the array were changing between the 
early (day 4) and mid-logarithmic time point (day 6), we further limited our focus to the 
differences in stationary phase (days 10, 14, 18) compared to mid-logarithmic. Trending analysis 
over time further demonstrated that the day 14 timepoint not only contained the majority of 
the significantly changing features, it also was the time point at which peak expression changes 
in both directions were observed (Figure 38). 
Overview of Enrichment Analysis 
Enrichment analysis for coordinately expressed gene ontology (GO) categories in the 
increased and decreased transcript clusters was performed in Blast2GO (modified Fisher's Exact 
test, FDR < 0.05; Table 2). GO enrichment analysis was performed using the GO SLIM and 
standard functions in Blast2GO to obtain both broad and specific classification of gene product 
functions. Many of the shared GO terms were part of the same parent term, contained genes 
that were assigned to multiple GO terms, and were included in more than one enrichment 
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category. For these reasons, a select list of enriched ontology terms for features differentially 
expressed in stationary phase are reported (Figure 3C). 
Generation of Precursor Metabolites and Energy 
The changes in transcript level for genes encoding energy production machinery in 
stationary phase were profound and included multiple pathways and components. Enrichment 
analyses identified transcripts that were specific to the generation of precursor metabolites and 
energy (GO:0006091, FDR = 3.3E-02; Figure 4A). This functional category included a total of 42 
genes representing photosynthesis (PS), respiration (ETC), glycolysis (GLY), and the tricarboxylic 
acid cycle (TCA). Transcripts encoding proteins associated with electron transport chains, 
including cytochrome b6-f complex, cytochrome c oxidase subunits, inorganic pyrophosphatase, 
and ATP synthase Fo subunits, increased in expression in stationary phase. Among the 
photosynthesis related features present on the array, chloroplast light harvesting proteins, 
fucoxanthin chlorophyll alc proteins, flavodoxin, ferrodoxin, plastocyanin, and the oxygen 
evolving complex of PSII increased in expression at the beginning of stationary and lasting until 
the end of the experiment. A notable exception to this trend was the two photosystem I core 
p70D apoprotein al and a2 transcripts which were decreased throughout stationary 
approximately 3-S-fold. In contrast to photosystem I, photosystem II core transcripts did not 
change in abundance. Components of carbon fixation, glycolysis and the TCA cycles that showed 
increased transcript abundance included GAPDH (Contig_1755), phosphoglycerate kinase 
(Contig_2474) and mutase (Contig_ 4786), malate dehydrogenase (Contig_777), and succinate 
ligase (5584), while several other components of these pathways including citrate synthase 
(Contig_9133), aldo keto reductase (Contig_7859), isocitrate dehydrogenase (Contig_6427 and 
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358), and fructose-bisphosphatases (Contig_9984 and 7125) were decreased throughout 
stationary phase. 
Ribosome Biogenesis 
Transcripts encoding structural constituents of the ribosome were found to be enriched 
with increased transcript abundance throughout stationary phase (GO:0042254, FDR = 1.8E-02). 
Differentially expressed genes encoding constituents of the ribosome included 30s and 60s 
ribosomal proteins as well as a small number of other ribosome biogenesis factors including 
translation initiation and elongation factors (Figure 4B). Ribosome biogenesis is a complex and 
tightly regulated process with major control points at the level of transcription of rONA, 
regulation of the pre - rRNA processing and pre - ribosomal particle assembly steps, and during 
intracellular trafficking (Leary and Huang 2001). Although transcripts encoding structural 
components of the ribosome were induced during stationary phase, regulatory constituents of 
the biogenesis pathway were repressed. Six of eight features present on the array annotated as 
Sir2 transcriptional regulators (Contig_528, 5155, 9197, 11108, 475, and 8663), known to be 
involved in maintaining nucleolar structure and enhancing rDNA transcription, were significantly 
repressed. In addition, DEAD box helicases and other RNA helicases known to regulate not only 
ribosome processing and assembly, but also pre mRNA splicing, mRNA export, translation 
initiation, and organellar gene expression were also repressed during stationary phase with the 
only exception to this finding being Contig_9168, an RNA helicase which was induced by 
approximately 2-fold on day 14. Other regulatory factors of ribosome biogenesis including 
fibrillarin (Contig_l0099) as well as downstream members of the protein kinase c signaling 
cascade, and mitogen activated protein kinases (Contig_ 4994 and 9926), were significantly 
induced during stationary phase. 
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Regulation of Gene Expression 
Transcripts encoding proteins involved in the regulation of gene expression significantly 
decreased in abundance (GO:0011468, FDR = 3.3E-04) (Figure SC). In contrast to the small 
number of genes required for translation initiation and elongation identified in the ribosome 
biogenesis category, over 73% of the genes identified in the data set as translation initiation and 
elongation factors decreased in abundance 1.9 - 3.1-fold throughout stationary phase. This was 
accompanied by the six silent information regulator proteins (sir2) previously mentioned, four 
high-mobility group box containing proteins, as well as numerous transcripts encoding 
regulators of nonsense transcripts, pumillo 1, response regulators, and an immediate early 2 
gene with more than a 7-fold decrease in abundance. The remaining 47% of gene expression 
transcripts that decreased in abundance in stationary phase were identified as 
pentatricopeptide repeat proteins (PPR) known to be involved in post-transcriptional processes 
such as mRNA editing, splicing, translation, and stability in mitochondria and chloroplasts (Small 
and Peeters 2000; Schmitz-Linneweber and Small 2008). Of the 94 identified PPR probes 
present on the array, 58% were significantly changing, of which 75% demonstrated decreased 
transcript abundance (Figure 6). Most notable within this class of transcripts was the early 
onset and continued repression throughout stationary phase with an overwhelming 71, 81, and 
90% significantly repressed on day 10, 14, and 18 respectively. This expression pattern was 
discernibly different from all other enriched categories (Figure 3C). 
Response to Stress 
Genes identified to be responsive to stress (GO:00069s0, FDR = 8.4E-04) demonstrated 
significant downregulation in stationary phase (Figure SA). Of the 56 genes included in this 
category, 30% were identified as coding for heat shock proteins (HSP), chaperones, dnaJ protein 
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homologs, and other proteins described as binding unfolded proteins (GO:005i082, FDR = 1.8E-
02, Supplemental Table 3). In addition to the large number of HSPs and chaperones, this 
category included some of the largest changing features in terms of magnitude. Poly (adp-
ribose) polymerase 1 (Contig_2963), a protein mainly involved in DNA repair and programmed 
cell death, had a striking 4-fold decrease in abundance at the start of stationary phase, with a 
minimum at day 14 with 14-fold decreased expression. Numerous ATP and GTP-dependent 
protein kinases were also found to have reduced expression throughout stationary phase, as 
well as other general enzymes involved in DNA repair such as DNA helicases and ligases. Several 
other interesting members of this category included dash family and PBS Iyases, general 
cysteine proteases, as well as an endopeptidase clp-atp binding family protein that 
demonstrated greater than 6-fold repression in stationary phase. Messages for members of the 
classic ROS detoxification pathway, such as glutathione s - transferase (Contig_6393) and 
glutathione peroxidase (Contig_7929) were repressed 2.69 and 1.86-fold respectively, although 
superoxide dismutase (Contig_1876) was induced more than 2-fold in stationary phase. Other 
members of the oxidative and reductive reactions such as thioredoxins (Contig_5264, 8405) and 
glutaredoxin (Contig_7706) were also induced 1.7 to 3.2 fold. 
Calcium Ion Binding 
Results from the GO Slim enrichment analysis identified enrichment in the decreased 
expression of transcripts for proteins involved with the biological process of binding 
(GO:0005488, FDR = 7.9E-Os; Supplemental Table 3). Further analyses using the full GO 
annotation analysis identified a major component of this category to be specifically involved 
with proteins that bind calcium ions (GO:0005509, FDR = 1.8E-02) (Figure sB). A total of 46 
features were significantly changing with many members of the same family represented within 
37 
this category multiple times, suggesting coordinate regulation of calcium throughout stationary 
phase. Selected constituents of this category included six calcium-dependent protein kinases, 
five calmodulins, three calreticulin precursors, two EF-hand family proteins, as well as two 
voltage-dependent p q type calcium channels. Other interesting members included calcineurin, 
an endoplasmic reticulum resident calcium binding protein that demonstrated 6-fold decreased 
expression, a calpain-like cysteine peptidase, and a calcium sensor. 
Toxin Biosynthesis 
Although not identified as enriched in the GO enrichment analyses, it is interesting to 
note that out of 24 probes on the array for genes annotated as polyketide synthase (PKS) genes, 
putative enzymes involved in brevetoxin biosynthesis, 12 were included in the trend set and all 
decreased in abundance during stationary phase (Figure 68). 
Quantitative Real-Time peR Validation 
Differentially expressed genes of interest were selected for validation of the microarray 
results by quantitative RT-PCR (qPCR) (Figure 7). Changes in gene expression measured by qPCR 
for the eleven genes, including Contig_ 4846 which exhibited no change in expression by 
microarray analysis, strongly supported the microarray results with a correlation of 0.9278 
across the time series (p < 0.0001, n = 33). The strongest correlation of 0.9364 (p < 0.0001, n = 
11) was observed at the day 18 time point. The correlations at day 10 and 14 were 0.9364 (p < 
0.0001, n = 11) and 0.7818 (p = 0.0045, n = 11) respectively. 
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One versus Two- Color Microarray Analysis 
Prior to this study, all gene expression studies utilizing the custom K. brevis 
oligonucleotide microarray were carried out in the two-color format, whereby biological 
replicates were pooled, labeled, and hybridized with technical dye swap controls (Lidie, 2007; 
Monroe, 200B; Van Dolah et ai, 2007). In these studies, this experimental design focused on 
comparing a control sample to treatment samples, therefore implementing a competitive 
hybridization experimental design. At the inception of this study, Agilent recommendations 
shifted from running time-course experiments in two-color formats to one-color formats. 
Therefore, in the current study, given that the foundational question relies on a time series 
design, where samples are not compared to true control sample, the one-color format was 
performed. In order to compare previous findings in the lab to this study, it was imperative to 
define whether the one-color and two-color formats would perform well on measures of 
reproducibility, sensitivity, and accuracy when compared. To define the changes associated 
with the transition into the subsequent dynamics in stationary phase, samples were compared 
to day 6 in both formats. In the two color experiment, biological replicates were pooled and 
technical replicates (n = 2) in a dye swap design were hybridized to the array. Following the 
same statistical analysis scheme outlined in Fig. 1 for the one-color format, the two color 
experiment reported a total of 2236 differentially expressed genes, with 924 up regulated and 
1312 down regulated (Table 3). To examine reproducibility between the two formats, a Pearson 
correlation on the log ratio data was performed for day 14 (Figure B, Pearson r = 0.9252, P < 
0.0001), as this was the timepoint in which the majority of differentially expressed genes were 
found, and thus the basis for the subsequent biological rationales presented, although it is 
important to note that days 4, la, and 18 demonstrated greater than r = 0.B5 (p <0.05) between 
the one-color and two-color formats (data not shown). Since identical thresholds for 
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significance was used between the formats, it appears that the one-color platform is more 
sensitive in identifying differentially expressed genes or that the fold change values are less 
compressed than in the two-color data, since the two-color format reported fewer differentially 
expressed genes, and may reflect the consequence initial sample pooling (Figure 9A, and Table 
3). When the numbers of significant changers were categorized by day and direction of change, 
the two methods reported the same proportion of features, except on days 10 and 18 where 
the two-color format reported a higher proportion of total changers in both the up and down 
direction, therefore suggesting there may be a small discrepancy in sensitivity, as these days 
overall reported small magnitude of change when compared to day 14 in both cases (Table 3). 
Specificity for the two-color format was determined by assessing the false positive rate from the 
self-self hybridization, and resulted in only 20 out of 10, 263 probes significantly changing (P = 
0.0019). The two formats were assessed for sensitivity by comparing the resulting gene lists and 
demonstrated that there was only a 54% overlap of genes identified by both approaches, with 
the two-color approach identifying 11% unique genes and one-color format identifying 34%. 
Only 10 genes were found to be anti-correlated (2.97% of total number of changers between 
the two formats) (Figure 9A). However, enrichment analysis of the two color format results 
indicated, that both formats reported similar biological processes, molecular functions, and 
cellular compartments categories (Table 4, Figure 9B). Accuracy was assessed in both the one 
and two-color formats by comparison with the well-accepted orthogonal quantitative 
technology, SYBR-based qPCR. This assessment demonstrated that there is a strong correlation 
between the qPCR data and both the one-color and two-color microarray data (Table 5). 
Overall, measures of reproducibility, sensitivity, and accuracy strongly reflect that the custom K. 
brevis microarray can be utilized in both formats with strong confidence, and thus direct 
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comparisons between the formats can be made when deciphering the potential molecular 
mechanisms across studies. 
Programmed Cell Death Related Genes in K. brevis 
Although no cell death or apoptosis related enrichment categories were significantly 
changing during the aging process, the EST library was therefore data mined to define whether 
K. brevis has the constituents of a typical eukaryotic programmed cell death pathway. A total of 
59 contigs containing the gene ontology category cell death (GO:0008219) of which 8 were 
found to have increased message abundance and 2 with decreased abundance in stationary 
phase (Table 6). Two WD repeat domain containing proteins were identified, both of which 
were upregulated, while multiple features annotated as metacaspases were downregulated. 
Three death associated kinases were identified, with one demonstrating significant repression in 
stationary phase. Typical apoptosis domains/proteins not identified in the K. brevis 
transcriptome include BCL-2, Bid, Bax, Fas cytosolic domain, Ded domain, Card domain, Dap3, 
SKP, BCL-G, Bak, Bik, Ced4, Daxx, Apaf-l, Grim, Smac, Diablo, and BH3-only (Taylor et al. 2008). 
Overall, besides the group of contigs described as metacaspases, K. brevis does not appear to 
contain the suite of proteins known to be necessary for the induction of typical programmed cell 
death. 
DISCUSSION 
The K. brevis Transcriptome is Drastically Reorganized During Chronological Aging 
This study identified changes in the abundance of approximately 29% of the 
transcriptome of K. brevis during its progression from log phase growth to stationary phase 
through the beginnings of culture decline. To our knowledge, this is the first genome wide 
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expression analysis of a dinoflagellate over a complete growth curve and provides some insight 
into processes mediating chronological aging in this organism. Previous studies in K. brevis 
reported little significant change in the abundance of transcripts in response to a diverse set of 
acute stresses over short time courses of 1-7 h (Lidie 2007) known to induce stress proteins 
(Miller-Morey and Van Dolah 2004). This observation, along with the identification of spliced 
leader mediated trans-splicing in K. brevis (Lidie and Van Dolah 2007), led to the hypothesis that 
the lack of transcriptional changes in response to acute stress is attributed to post-
transcriptional control of gene expression, mediated by the spliced leader trans-splicing 
mechanism. Over a somewhat longer time course of a 24 h diel cycle, approximately 10% of 
array features (8.4K array) were found to change in K. brevis (Van Dolah et al. 2007), yet many 
processes expected to show transcriptional regulation, such as the cell cycle, did not. The 
extensive remodeling of the transcriptome observed in the current study, over a time course of 
12 days, makes clear that the transcriptome is responsive to changes in environmental 
conditions, and the coordinate changes in expression of key metabolic processes and signaling 
pathways suggests their roles in the chronological aging process of K. brevis. Since microarrays 
simply report transcript abundance, the current results do not explain how these changes are 
achieved in the dinoflagellate. The spliced leader sequence is present on all nuclear encoded 
mRNAs in all dinoflagellates examined to date (Lidie and Van Dolah 2007; Zhang et al. 2007; 
Bachvaroff and Place 2008; Zhang and Lin 2009) and, although not rigorously tested, it is widely 
assumed that all nuclear encoded mRNAs are trans-spliced. In the absence of transcriptional 
control, changes in transcript abundance can be achieved through several mechanisms. These 
include selective changes in mRNA stability mediated by RNA binding proteins (Goldshmidt et al. 
2010) and differential rates of processing from polycistronic precursors to mature messages 
(Vanhamme and Pays 1995). Thus, even in the absence of classical transcriptional regulation, 
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the current study demonstrates that the dinoflagellate transcriptome reflects the changing 
physiological needs within the cell and can reveal unexpected insights into their biology. This 
study also demonstrated that the microarray results are robust in that the final biological 
conclusions are supported by strong reproducibility, sensitivity, and accuracy scores between 
the one-color and two-color format (Patterson et at. 2006), suggesting direct comparisons can 
be made between separate experiments. This is in accordance with the conclusions drawn from 
the multi-platform microarray study that concluded that differences between the one-color and 
two-color approaches are minimal, and experimental design should drive format preference 
(Patterson et al. 2006). Comparability of data using this microarray between independent 
experiments was further demonstrated in a subsequent K. brevis microarray study that mined 
the logarithmic phase data from this study to inform interpretations of transcriptome responses 
to nutrient limitation (Morey et al. 2011). 
Coordinately Regulated Changes in Transcript Expression Reveal Insight into Aging in 
Dinoflagellates 
The transcript abundance of numerous genes encoding components of the 
photosynthetic machinery significantly increased at the transition from logarithmic to stationary 
phase and remained at elevated levels throughout stationary phase. The exception to this 
pattern was two PSI genes, which exhibited a marked decrease in abundance at the onset of 
stationary phase. Although the trigger for stationary phase entry in K. brevis cultures grown 
under nutrient replete conditions remains undefined, these opposing transcript pool 
abundances emphasize a shift in the bioenergetic needs upon transition to a non-dividing state. 
The photosynthetic redox state is now a well established Signal to coordinate the expression of 
nuclear-encoded chloroplast genes in order to modulate the photosystem under changing 
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conditions (Fey et al. 2005). For example, in the chlorophyte Dunaliella tertiolecta the induction 
of the light harvesting complex of PSII and decrease in PSI transcripts in response from a shift 
from high to low light (Escoubas et al. 1995) is accompanied by a shift in redox state, as 
measured by the oxidized plastoquininone pool. Similar measures would be informative during 
stationary phase onset in K. brevis, as expression patterns suggest a crucial role in reorganizing 
the photosynthetic machinery. The redox state in cyanobacteria has also been linked to 
compensatory mechanisms for an increase in cell density, and thus a decrease in light intensity 
absorbed per cell, by inducing the expression of more light antennae (Tandeau De Marsac and 
Houmard 1993). Photosystem genes were also identified to be redox regulated in the 
dinoflagellate Pyrocystis lunula in response to reactive oxygen and nitrogen species forming 
conditions (Okamoto and Hastings 2003), both of which have been implicated in regulating 
senescence and programmed cell death in a variety of unicellular eukaryotes (Vardi et al. 1999; 
Carmona-Gutierrez et al. 2010). Redox control and subsequent retrograde nuclear transcription 
regulation have not been studied in dinoflagellates, and may provide physiological biomarkers 
for the onset of maintenance (stationary) phase in bloom conditions. Interestingly, studies in 
the chlorophyte Chlamydomonas reinhardtii, higher plant Spinacia oleracea, and eubacteria 
Escherichia coli have provided strong evidence that polyadenylation of chloroplast mRNAs are a 
signal for degradation (Kudla et al. 1996; Lisitsky et al. 1996; Lozatavera et al. 1996; Lisitsky et al. 
1997; Hayes et al. 1999; Komine et al. 2000; Komine et al. 2002), suggesting that the 
measureable decrease in the (polyadenylated) photosystem I gene transcripts in the current 
study may actually represent a stabilization of PSI concurrent with acclimation of the 
photosystem to stationary phase conditions. This interpretation is supported by a decrease in 
photosynthetic efficiency observed in K. brevis at the onset of stationary phase as measured by 
Fv/Fm (Johnson et aI., unpublished observation). Restructuring of the photosynthetic apparatus 
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to favor PSI could enhance cyclic ATP production around PSI, and has been previously seen in 
other phytoplankton species as a mechanism to ((vent" the photosystem of excess electrons 
during stress. In addition to this, an increase in glycolysis and TCA cycle transcripts was 
observed, as well as transporters including an ammonium transporter (Contig_11443L nitrate 
transporters (Contig_780 and 1567), a sugar/H+ symporter (Contig_ 4765L a UDP-n-acetyl 
glucosamine (Contig_ 4483), inorganic pyrophosphatase (Contig_ 4809), and a phosphate 
phosphoenolpyruvate transporter (Contig_9723). Extensive research aimed at understanding 
how K. brevis outcompetes and persists both in the oligotrophic mid waters and the eutrophic 
coastal waters has suggested that K. brevis l mixotrophic abilities may enable it to maintain high 
cell concentrations under conditions where photoautotrophy alone cannot support it (Vargo et 
al. 2008). In culture, K. brevis has an apparent requirement for a natural bacterial assemblage, 
as axenic cultures have not been successfully established, which may be necessary to support 
heterotrophic metabolism. Further investigation is needed to connect physiological data with 
the transcriptomic signature during stationary phase; however, this work provides a foundation 
to direct such studies. Together, the transcriptomic data suggests that optimizing the 
production of energy appears to be an important factor to the survival of quiescent K. brevis 
cells in stationary phase, and fine-tuning of the energetic machinery may represent an 
important control point in maintaining cellular homeostasis during chronological aging in 
dinoflagellates. 
In this study, transcripts involved in the regulation of gene expression were significantly 
over-represented in the pool of genes displaying decreased expression during stationary phase. 
Similar to previous microarray studies of K. brevis following acute stress (Lidie 2007), a marked 
decrease in abundance of transcripts involved in the regulation of transcription and translation 
was identified, suggesting a similar global decrease in gene expression upon entry of stationary 
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phase. Most striking to the enriched category of the regulation of gene expression was the 
coordinated downregulation of the PPR proteins. The PPR family of proteins, characterized by a 
35 amino acid motif repeated up to 30 times, are nuclear encoded RNA binding proteins that 
play essential roles in post-transcriptional processes regulating chloroplast and mitochondrial 
gene expression, such as editing, splicing, translation, and RNA stability (Lurin et al. 2004; 
Schmitz-Linneweber and Small 2008). Their importance to chloroplast physiology is highlighted 
by the large number of PPR genes in plants (400-500) whereas non-photosynthetic eukaryotes 
typically possess fewer than five (Pusnik et al. 2007). The K. brevis EST library includes over 100 
PPR annotations. Although the exact role of PPR proteins in K. brevis is unknown, it is clear that 
they are dramatically responsive to the transition between growth and stationary phase. Thirty-
four PPR protein transcripts were down - regulated at the entry into stationary phase (48.39% 
of the 93 PPR features on the microarray). The PPR protein transcripts also demonstrated a 
different expression pattern compared with the overall experimental trend as well as that of all 
other enriched categories. These transcripts demonstrated significant repression (average 1.9-
fold) starting on day 10 that became increasingly pronounced as cells proceeded through 
stationary phase and into early decline. This phenomenon has also been observed during 
nitrogen and phosphorus limitation, whereby N- or P-starved stationary phase cultures 
demonstrated marked reduction in PPR transcript abundance. Following addition of the limiting 
nutrient (N or P) PPR proteins responded rapidly, with significant induction within 1 h, which 
preceded the response of all other transcripts and the resumption in growth (Morey et al. 2011). 
Together, these studies demonstrate that PPR protein transcript abundance is responsive to 
physiological state and may represent a family of proteins indicative of bloom growth status. 
Studies on acute stress response in K. brevis previously identified a lack of the classic 
stress response at the transcriptional level (Lidie 2007), and counter-intuitively found a general 
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marked decrease in heat shock protein transcripts, along with a global decrease in transcripts 
for ribosomal processes, translation, photosynthesis and energy generation that are indicative 
of stress. The current study similarly identified a global decrease of heat shock protein (HSP) 
transcripts that corresponded to the pattern of expression of an extensive list of other genes 
identified to respond to stimuli/stress. HSPs, most notably known for their role in responding to 
environmental cues also contain housekeeping function by acting as chaperones during protein 
folding. Along with the marked decrease seen in transcripts involved in the regulation of gene 
expression, the response of HSPs may indicate a decreased need for chaperone functions during 
stationary phase of growth. 
Calcium ion binding proteins have been identified in many systems to interpret 
abundance and spatial shifts in calcium and to coordinate subsequently needed metabolic and 
gene expression changes (Bush 1995). In particular, a calcium based stress surveillance system 
has been identified in diatoms in response to nitric oxide (NO) (Vardi et al. 2006). However, 
little is known regarding how calcium is perceived and utilized in the execution decisions in 
dinoflagellates. In this study, a coordinated decrease in transcripts encoding calcium binding 
proteins was observed in stationary phase, including calcium dependent protein kinases and 
calmodulin domain containing proteins capable of activating protein kinase cascades, which 
have previously been shown to be induced in response to elevated calcium during the plant 
defense responses and are involved in downstream ROS formation and activation of PCD 
(Blumwald et al. 1998). The downregulation of these proteins was paralleled by other similarly 
expressed calcium binding proteins known to function in endoplasmic reticulum homeostasis. 
Along with calmodulins, calreticulin proteins bind calcium; however, they function in the ER to 
prevent misfolded proteins from being transported to the cytoplasm. With the downregulation 
of a resident ER calcium binding protein as well as the coordinated reduction in the expression 
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of chaperones it appears that calcium homeostasis in the ER is important to the biology of 
stationary phase. Several other transcripts such as an EF hand protein, a calpain, and voltage 
dependent p q calcium channels demonstrated reduced expression levels, while calcium 
transporters are the only class of calcium related proteins with increased expression. The global 
decrease in calcium related genes, along with the decrease in stress response and gene 
expression categories is not consistent with several other phytoplankton stress studies 
(Thamatrakoln et al. 2012; Allen et aI., 2008); however, it remains uncertain whether this is a 
reflection of the differences in dinoflagellate gene expression outputs given the complexity 
regarding gene expression control mechanisms compared to diatoms. Together, the decreased 
abundance of calcium binding protein transcripts in conjunction with an increase in calcium 
transport transcripts is suggestive that the modulation of intracellular calcium levels is an 
important direction to further investigate in the context of chronological aging in dinoflagellates. 
Understanding the regulation of toxin biosynthesis in toxic dinoflagellates is an area of 
key interest. Brevetoxins are ladder-like polyketide compounds, a structural class unique to 
dinoflagellates, putatively synthesized by megasynthases called polyketide synthases (PKSs). K. 
brevis produces at least three unique polyketide precursors that generate at least nine unique 
brevetoxin congers due to the post-cyclization modification of functional groups, as well as a 
brevetoxin antagonist, brevenal that originates from a shorter chain precursor (Baden et al. 
2005). The role brevetoxins play in the biology of K. brevis is unknown, although they appear 
to be constitutively produced with the intracellular concentrations of toxins unchanging over a 
growth curve (although the ratios of parent and derivative forms do change) (Lekan and Tomas 
2010), as well as under a variety of stress conditions (nitrate limitation: 883J.!M control, 50J.!M, 
10J.!M, and 1J.!M; phosphate limitation: 36J.!M control, SJ.!M, 1J.!M, 0.1J.!M; high light: 150J.!E 
control, 300 and 450J.!E; salinity: 36 ppt control, 22, 3D, and 40 ppt) (Monroe 2008). This makes 
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the investigation of their biosynthetic pathways all the more challenging. A number of full 
length PKS gene transcripts have been identified in K. brevis with sequence homology to Type I 
PKS's, but gene structure unique to the dinoflagellate, all of which contain the spliced leader 
sequence (Monroe and Van Dolah 2008). However, the roles of these proteins in brevetoxin 
biosynthesis remain to be confirmed, including whether they are in fact producing polyketides 
or fatty acids, as they are chloroplast localized (Monroe et al. 2010), but the mature brevetoxin 
molecule is absent from the chloroplast (Zippay et ai, unpubl.). In the current study, 12 of 24 
PKS gene probes present on the array were downregulated in stationary phase cells. Together, 
these data suggest that brevetoxins are not classical"secondary metabolites", which are by 
definition produced when cells are stressed or aging. 
CONCLUSION 
The present study identified a significant reorganization of the transcriptome over the 
growth curve of K. brevis, an organism thought to use extensive post-transcriptional regulation 
of gene expression mediated by SL trans-splicing. The transcriptome demonstrated differential 
expression of transcripts for key processes involved in energy production, including 
photosynthesis, electron transport chain, and carbon metabolism that suggests a metabolic 
restructuring needed for coping with conditions encountered during stationary phase, and may 
provide important clues for their survival strategies during chronological aging. The overall 
decrease in transcripts for genes involved in the regulation of transcription and translation 
during stationary phase is similar to that seen in K. brevis in response to abiotic stress, and likely 
reflects the reduced metabolic state of aging cells. An unexpected finding of this study was the 
differential expression of gene transcripts involved in calcium binding, transport, and signaling 
during aging that highlights the importance of defining the role of calcium homeostasis in 
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dinoflagellates aging. Lastly, the transcriptome of aging K. brevis cells revealed that PKS gene 
transcripts, putatively involved in brevetoxin biosynthesis, also decreased during stationary 
phase. This expression pattern is not consistent with a classical secondary metabolite, which 
raises the question as to the role of brevetoxins in the cell or the role of the known PKS genes in 
brevetoxin biosynthesis. While further research is needed to discern the functions of many of 
the K. brevis transcripts responsive to the transition between growth and maintenance phases, 
this transcriptomic fingerprint of quiescent K. brevis provides a basis from which to understand 
the chronological aging process in a dinoflagellate. 
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Table 2: GO enrichment analysis (Standard and GO SLIM) for up - regulated and down - regulated clusters in the one-color format. 
A. Enriched GO terms with increased abundance in stationary phase (FDR < 0.05) 
GO Term Name FOR 
single test # in test 
p-Value group 
GO:0044429t mitochondrial part 
GO:0009055t electron carrier activity 
GO:0045263t factor F(o) 
GO:0033177t transporting domain 
GO:0005743t mitochondrial inner membrane 
GO:0019866t organelle inner membrane 
GO:0031966t mitochondrial membrane 









GO:0009206t purine ribonucleoside triphosphate biosynthetic process 6.00E-03 9.10E-05 
GO:0009145t purine nucleoside triphosphate biosynthetic process 6.00E-03 9.10E-05 
GO:0046933t rotational mechanism 
GO:0009260t ribonucleotide biosynthetic process 
GO:0009142t nucleoside triphosphate biosynthetic process 
GO:0009201 t ribonucleoside triphosphate biosynthetic process 
GO:0006754t ATP biosynthetic process 
GO:0015986t ATP synthesis coupled proton transport 
GO:0015985t gradient 
GO:0034220t ion transmembrane transport 
GO:0046961 t mechanism 
GO:0016021 t integral to membrane 
GO:0006164t purine nucleotide biosynthetic process 
GO:OO42254t ribosome biogenesis 
GO:0022613t ribonucleoprotein complex biogenesis 
GO:0005739* mitochondrion 
GO:0044444* cytoplasmic part 
GO:0016020* membrane 
GO:0031224t intrinsic to membrane 
GO:0019829t cation-transporting ATPase activity 
GO:0009150t purine ribonucleotide metabolic process 
GO:0046034t ATP metabolic process 
GO:0015078t hydrogen ion transmembrane transporter activity 
GO:0006163t purine nucleotide metabolic process 
GO:0009144t purine nucleoside triphosphate metabolic process 
GO:0009205t purine ribonucleoside triphosphate metabolic process 
GO:0008289:J: lipid binding 
GO:0009259t ribonucleotide metabolic process 
GO:0055085t transmembrane transport 
GO:0031090t organelle membrane 
GO:0015077t transporter activity 
GO:OO06091 * generation of precursor metabolites and energy 
GO:0043227* membrane-bounded organelle 
GO:0043231 * intracellular membrane-bounded organelle 
GO:0043226* organelle 
GO:0043229* intracellular organelle 
GO:0009199t ribonucleoside triphosphate metabolic process 
GO:0009141 t nucleoside triphosphate metabolic process 
GO:0044085t cellular component biogenesis 
GO:0033279t ribosomal subunit 
GO:0008168t methyltransferase activity 
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Table 2 (cont.): GO enrichment analysis (Standard and GO SLIM) for up - regulated and down - regulated clusters in the one-color format. 
B. Enriched GO terms with decreased abundance in stationary phase (FDR < 0.05) 
#in 
#non 
GO Term Name 
single test # In test 
reference 
# non annot Over/ 
FOR 
p-Value Under group annot test reference 
group 
group 
GO:OOO5488:t: binding 7.9OE-05 1.8OE-07 365 1725 109 919 over 
GO:0006950* response to stress 8.2oE-04 6.90E-05 52 154 422 2490 over 
GO:OO50896* response to stimulus 1.2oE-03 5.1OE-05 63 198 410 2438 over 
GO:OOO3676:t: nucleic acid binding 6.ooE-03 2.00E-05 101 360 373 2284 over 
GO:OO32559t adenyl ribonucleotide binding 1.6OE-02 9.00E-05 105 395 369 2249 over 
GO:OOOSS24t ATP binding 1.6OE-02 1.00E-04 104 392 370 2252 over 
GO:0005509t calcium ion binding 1.80E-02 2.40E-04 46 138 428 2506 over 
GO:OOS1082t unfolded protein binding 1.8OE-02 2.6OE-04 22 46 452 2598 over 
GO:OOO1883t purine nucleoside binding 1.8OE-02 2.8OE-04 108 423 366 2221 over 
GO:OOO1882t nucleoside binding 1.8OE-02 2.8OE-04 108 423 366 2221 over 
GO:00305S4t adenyl nucleotide binding 1.80E-02 2.8OE-04 108 423 366 2221 over 
GO:OO30246* carbohydrate binding 2.40E-02 1.20E-03 13 22 460 2614 over 
GO:OO6S007* biological regulation 2.70E-02 1.70E-03 72 273 401 2363 over 
GO:OOS0789* regulation of biological process 2.7oE-02 2.10E-03 61 224 412 2412 over 
GO:OO44249* cellular biosynthetic process 2.70E-02 2.8OE-03 64 241 409 2395 over 
GO:OO3464S* cellular macromolecule biosynthetic process 2.7oE-02 2.8OE-03 64 241 409 2395 over 
GO:OO090S9* macromolecule biosynthetic process 2.70E-02 2.8OE-03 64 241 409 2395 over 
GO:OO10468t regulation of gene expression 3.30E-02 4.80E-04 57 191 417 2453 over 
GO:OO31974t membrane-enclosed lumen 4.6OE-02 6.10E-04 14 23 460 2621 over 
Terms indicated in bold are respresented in Figures 3 - 5 
t Term identified from Standard GO analysis only 
* Term identified from GO SLIM analysis only 
1= Term identified from both Standard and GO SLIM analysis 
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Table 3. 1 vs. 2 Color Comparison - Numbers of significantly changing features 
# of 1- # of2-
%of 
% of total 
total 1-
Color Color 2-Color # 
Color # 
features features Changers 
Changers 
Day4 Up 1 3 0.03% 0.13% 
Day 10 Up 114 128 3.85% 5.72% 
Day 14 Up 1368 722 46.25% 32.29% 
Day 18 Up 237 455 8.01% 20.35% 
Day 4 Down 33 0 1.12% 0.00% 
Day 10 Down 166 219 5.61% 9.79% 
Day 14 Down 1489 1257 50.34% 56.22% 
Day 18 Down 114 320 3.85% 14.31% 
Day 4 Total 34 3 1.15% 0.13% 
Day 10 Total 280 347 9.47% 15.52% 
Day 14 Total 2857 1979 96.59% 88.51% 
Day 18 Total 351 775 11.87% 34.66% 
Up Cluster 1413 924 47.7]0/0 41.32% 
Down Cluster 1545 1312 52.23% 58.68% 
Total # Changers 2958 2236 
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Table 4. 1 vs. 2 Color Comparison - Shared enrichment categories and number of features shared. 
Polyketide Syntha ses 
Gen of Prec Met and Energy 
Ribosome Biogenesis 
Gene Expression 
Pentatricopeptide Repeat Proteins 
Res ponse to Stress 
Calcium Binding 
Enrichment Category - up 

























Bold Enrichment Categories found in both 1 and 2 Color sets 
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Table S. Comparison of q peR validation results. 
1 Color 2 Color 
Spear. Spear. 
Rho p value Rho p value 
Overall 0.9278 < 0.0001 Overall 0.9301 < 0.0001 
Day4 0.1818 0.5926 Day 4 0.4636 0.1509 
Day 10 0.9273 < 0.0001 Day 10 0.9273 < 0.0001 
Day 14 0.7818 0.0045 Day 14 0.8091 0.0026 
Day 18 0.9364 < 0.0001 Day 18 0.9364 < 0.0001 
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Table 6. Contigs from K. brevis EST library with associated GO Term: Cell Death (GO:0008219) 
Contig Description 







ataxia telangiectasia mutated 
atp gtp binding protein 
bifu nctional a poptosis regulator 





caspase recruitment domainmemberisoform cra_b 
cathepsin b 



















death-associated protein kinase 1 
death-associated protein kinase 3 
death-associated protein kinase 3 
dna ligase iv 
dna repair helicase rad25 family protein 
domain containing protein 
dual specificity phosphatase 22 
dynamin I-like 
ef-hand domain (c-terminal) containing 1 
elegans proteinconfirmed by transcript evidence 
enhanced disease resistance 1 
fk506 binding proteinisoform cra_b 
glutaredoxin 2 
jumonji domain containing 6 





10244 metacaspase 5 
5512 metacaspase type ii 
11202 metaeaspase-like protein 
11415 n terminus of rad21 ree8 like protein 
383 novel protein 
4844 novel protein 




nuclear serine protease2 
peptidasecaspase catalytic subunit p20 
peptidylprolyl isomerase d 
10450 phosphatidylinositol 3-kinase 
11852 protein 
9799 protein arginine n-methyltransferase 
2480 protein phosphatase 2a 
6904 rraga protein 
538 
7633 
sac3 ganp domain protein 
slingshot-related protein 
11407 thioredoxin domain containing 5 
6692 tnf receptor-associated factor 6 
4515 tpr domain protein 
6313 tpr repeat-containing protein 
9084 tpr repeat-containing protein 
11276 tumor necrosis factormember 5-induced protein 1 
8327 wd repeat domainlike 
10749 wd-40 repeat protein 
5363 werner syndrome protein 
6805 white 
6980 ww domain-containing oxidoreductase 
E-value D4 010 014 018 
2.73E-09 0.00 -0.06 0.08 0.05 
8.74E-12 -0.04 -0.13 0.00 -0.10 
1.01E-43 0.06 -0.04 -0.04 -0.04 
2.46E-62 -0.03 -0.11 -0.27 -0.13 
1.26E-30 O.OB 0.00 0.09 -0.01 
6.83E-09 0.01 O.OB 0.23 0.09 
1.08E-16 0.01 0.03 -0.04 -0.07 
2.44E-95 -0.03 -0.07 -0.70 -0.12 
5.B2E-08 0.01 0.07 0.26 0.05 
7.38E-29 -0.02 -0.04 0.05 -0.03 
1.86E-15 0.02 -0.06 -0.14 -0.06 
2.17E-07 0.01 0.04 0.11 -0.06 
4.85E-18 -0.03 -0.18 -0.32 -0.18 
9.74E-17 0.02 -0.07 -0.06 -0.06 
1.93E-23 0.01 -0.15 -0.38 -0.16 
1.15E-83 0.01 -0.22 -0.51 -0.15 
2.02E-16 0.04 -0.02 -0.03 -0.12 
1.04E-16 -0.06 -0.07 0.07 0.10 
3.39E-46 -0.06 -0.02 -0.08 -0.11 
1.83E-36 0.04 -0.03 0.02 -0.06 
5.27E-33 0.00 0.00 0.16 0.12 
2.B8E-04 0.08 -0.15 -0.30 -0.17 









1.22E-29 0.03 -0.09 -0.09 -0.15 
7.66E-07 0.05 -0.14 -0.24 -0.21 






0.00 0.09 0.12 0.07 
0.01 0.00 -0.09 -0.03 
0.04 0.00 0.05 -0.03 
0.00 -0.04 -0.09 0.00 
0.07 -0.15 -0.27 -0.15 
5.41E-10 -0.03 -0.12 -0.56 -0.17 
2.35E-18 0.00 0.06 -0.39 -0.04 
4.14E-15 -0.09 -0.03 -0.18 -0.07 






0.04 -0.01 -0.04 -0.03 
0.01 0.00 0.16 0.04 
-0.02 0.12 0.28 0.10 
0.03 0.00 0.02 0.01 







6.73E-14 -0.05 0.00 






6.33E-08 0.03 0.06 -0.05 0.09 
1.87E-09 0.01 -0.09 -0.05 -0.01 
7.78E-35 -0.01 -0.10 -0.23 -0.07 
6.57E-12 -0.01 -0.01 -0.12 -0.06 
4.14E-05 0.07 0.02 0.07 0.01 
4.60E-08 0.03 -0.04 0.14 0.06 
4.39E-13 -0.42 -0.31 0.37 -0.51 
2.03E-15 -0.09 0.16 0.26 0.08 
1.19E-12 -0.09 -0.01 -0.12 -0.04 
8.57E-07 0.00 0.01 0.17 0.02 
2.77E-19 0.01 0.15 0.34 0.15 
Bold indicates log ratio values associated with a p-value < 0.0001 
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, Total numberoffeatures \ 
significantly changing over the K. 
brevis growth curve (n = 2958) 
Day 4 (3S) 
Day 10 (280) 
Day 14 (2857) 
\ Day 18 (351) I 
',-----------------------~, 
One - way ANOVA 
(intensityvalue5, n = 
3/timepoint) (p < 0.01), 
Bonferroni Multiple Test 
Correction (p < 0.01) 
(5006 features) 
Tukey Kramer post-
hoc test (n = Day 4 
(131),10 (1492), 14 
(4521), and 18 
(2583) versus Day 
6, p < 0.10) 
Signal 
intensity> 70 
counts at all 
time points 
(n = 2958) 
0.23 log ratio difference 
(1.7 fold change) from day 
6 and composite array 
p value < 0.0001 






each time point 
(n = 4) 
Log ratio expression 
change calculated for 
each feature versus day 
6 for all time points (n:;; 
10263 features/array) 
Figure 2. K. brevis abundance and growth rate over the growth curve. 
Independent biological triplicate cultures were sampled for cell abundance (.) and average 
divisioneday-l ± standard deviation were calculated for each time point (0). Time points 
denoted by (*) were used for microarray analysis. 
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Figure 3. Global and enriched expression profiles of genes differentially expressed over the 
growth curve. 
Transcripts that met all statistical requirements outlined in Figure 1 were clustered using a 
Euclidean distance metric by an Agglomerative clustering algorithm (2958 features total) (A). 
Each horizontal line represents one gene and the intensity of color is proportional to the log 
ratio difference versus day 6. The two major clusters identified (increased expression (red), n = 
1413 and decreased expression (green), n = 1545) were plotted over time in a trend plot (2958 
features total) (8). Gene ontology enrichment was determined relative to all sequences on the 
array using a modified Fisher's Exact Test in Blast2GO (FDR < 0.05). The plotted values are the 
average log ratio change for all probes in the category. GO Enrichment analysis resulted in five 
major functional categories. Red indicates significantly enriched categories with increased 
expression, green indicates significantly enriched categories with decreased expression, and 
blue indicates specific functional categories determined by manual data mining 
(Pentatricopeptide Repeat Proteins and Polyketide Synthases). Increased expression cluster: 
GO:0042254 Ribosome Biogenesis, FDR = 1.8E-02; GO:0006091 Generation of Precursor 
Metabolites and Energy, FDR = 3.3E-02; Decreased expression cluster: GO:0005509 Calcium 
Binding, FDR = 1.8E-02; GO:0006950 Response to Stress, FRD = 8.2E-04; GO:0010468 Regulation 
of Gene Expression, FDR = 3.3E-04) (C). 
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A. B. 
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10 14 18 
Day 
Ribosome Biogenesis 
-- Generation of Precursor Metabolites and Energy 
-- Calcium Binding 
- -- Response to Stress 
_ •• - Regulation of G~ne Expression 
-- Polyketide Synthases 
- - Pentatricopeptide Repeal Proteins 
Figure 4. Heat map of transcript abundance for GO terms significantly enriched in the 
increased expression cluster. 
Log ratio profiles for transcripts for the Generation of Precursor Metabolites and Energy (A) and 
Ribosome Biogenesis (8) GO terms, identified to be enriched are represented for day 10, 14, and 
18 timepoints. Transcripts not identified by enrichment analysis, but by manual data mining 
(not included in enrichment statistic) are represented by (*). Abbreviations: PS, photosystem; 
ATP, adenosine triphosphate generation; ETC, electron transport chain; GLY, glycolysis; TCA, 
citric acid cycle; TNP, transporter activity. 
70 







Contic 10 14 11 Cantic Desaiption 
10994 photosystem i p700 apoprotein a2 
11850 photosystem i p100 chlorophyll a1 
239 chloroplastferredaxin 
3516 chloroplast ferredoxin 
3213 chloroplast light harvesting protein 
1743 chloroplast light harvesting protein 
1654 chloroplast light harvesting protein 
cytochrome b6-f complex iron-sulfur 
f lavodoxin 
f lavodaxin 
fucaxanthin chlorophyll a c protein 
fucoxanthin chlorophyll a c protein 
fucaxanthin chlorophyll a c protein 
photosystem ji oxygen evolving complex 
plast.ocyanin 
pi astocyan in 
atp synthase to subunit 9 
atp synthase to subunit 9 
atp synthase to subunit 9 
atp synthase to subunit 9 
atp synthase to subunit 9 
atp synthase to subunit 9 
atp synthase to subunit c 
atp synthase subunit h family protein 
atph+mitochondrial f1 alpha subunit 
atph+mitocnondrial f1 beta subunit 
inorganic pyrophosphatase 
cytochrome c oxidase subunit 2 
cytochrome c oxidase subunit 2a 
cytochrome c oxidase subunit 2a 
electron-transfer-beta polypeptide 
glyceraldehyde-3-phosphate dehydrogenase 
















B. GO:0042254 Ribosome Biogenesis, FOR = 1.8£-02 
Day 
Contig 10 14 18 Contic Oesaiption 
10838 30s ribosomal protein s14 
7526 30s ribosomal protein s4 
10146 60s ribosomal protein 121 
11420 60s ribosomal protein 134 
1866 brix domain containing 2 
5758 chromosome 14 open reading frame 169 
11072 elongation factor ef-2 
1867 elongation factor ts 
551 euk. translation init. subunit e interacting prot. 
11890 hypothetical protein 


















ribosoma l protein 
ribosomal protein 
ribosoma l protein 116 
ribosoma l protein 119-like protein 
ribosoma l protein s2 
ribosoma l protein s27a 
ribosome biogenesis protein 
translation init iation factor 
translation init iation factor if-2 
ubiquitin-ribosomal protein fusion s27a 
atp-dependent dead h rna helicase 
atp-dependent rna helicase p62 
chromodomain helicase dna binding protein 
chromodomain helicase-dna-binding protein 3 
dead (asp-glu-ala-asp) box polypeptide 51 
deah (asp-glu-ala-asp his) box polypeptide 57 
drh1 (dead box rna helicase 1) 
drh1 (dead box rna helicase 1) 
rna helicase-like 
f ibrillarin 
mitogen-activated protein kinase 




Figure 5. Heat map of transcript abundance for GO terms significantly enriched in the 
decreased expression cluster. 
Log ratio profiles for transcripts for the Regulation of Gene Expression (A), Response to Stress 
(B), and Calcium Binding (C) GO term categories identified to be enriched are represented for 
day 10, 14, and 18 timepoints. Transcripts not identified by enrichment analysis, but by manual 
data mining (not included in enrichment statistic) are represented by (*). 
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A: GO:0006950 Response to Stress. FOR = 8.2E-04 
Day 
Contig 10 14 18 Conti, Description 
alanine aminotransferase 
ataxia telangiectasia mutated 




cell adhesion molecule 
cell d ivision cycle 5-like protein 
chloroplast frudose-bisphosphatase 
curved dna-binding protein 





dna ligase iv 
dna repair heJicase rad25 family 
dna repair protein radSO 
dnaj domain protein 
dnaj protein homolog atj3 
domain containing protein 
domain containing protein 
dynein heavy chain family protein 
endopeptidase clp atp-binding chain 
enhanced disease resistance 1 
eJF subunit 6 interacting protein 
glutathione peroxidase 
glutathione s-transferase 
heat shock protein 
heat shock protein 
heat shock protein 
heat shock protein 101 
heat shock protein 70 
heat shock protein 70 
heat shock protein 70 
heat shock protein 90 
heat shock protein 90 
heat shock protein 90 
heat shock protein 90 
heat shock protein 90 
heat shock protein 90 
heat shock protein 90 
high mobility group protein 1 
high-mobility group box 2 
hsp70 hsp90-organizing protein 
hypothetical stress protein 
hypothetical stress protein 
kelch repeat btbdomain containing 8 
likely protein kinase 
n terminus of rad21 ree8 like protein 
novel protein 
pbs lyase heat domain repeat 
peptidylprolyl isomerase 
poly (adp-ribose) poIymerasemember 1 
structure specific recognition protein 1 
wgr domain protein 












































aspartyl asparaginyl beta-hydroxylase 
c2 domain containing protein 
calcium sensor (ncs-l) 
calcium-dependent protein kinase 
calcium-dependent protein kinase 
calcium-dependent protein kinase 
calcium-dependent protein kinase 
calcium-dependent protein kinase 
calcium-dependent protein kinase 1 
calmodulin 
calmodulin-domain protein kinase 1 
ca lreticu lin 
calreticulin precursor 
calreticulin precursor 
chromosome 14 ORF 10 
chromosome segregation atpase-like 
calpain-like cysteine peptidase 
dnaj-like sec63 
dynein heavy chain family protein 
ef hand family protein 
ef hand family protein 








kef-type k+ transport nad-binding 
mgc78858 protein 





protein kinase domain protein 
protein kinase domain protein 
serine threonine protein phosphatase 
subfamilymember 10 
troponin c type 1 
voltage-dep. p q type Ca2+ channel 
voltage-dep. p q type Ca2+ channel 
von willebrand factor pentraxin dom. 
Lo Ratio 
o 0.4 < 
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C: GO:0010468 Reg. of Gene Expression. FOR = 3.3E-04) 
Day 
Contlg 10 14 18 Contlg Description 
6564 basal body protein 
calreticulin 
cell division cycle 5-like protein 
c-terminal binding protein 
cutinase negative acting protein 
dash family 
death-associated protein kinase 3 
helicase 
ligase iv 
repair helicase rad25 family 
replication licensing factor mcm6 
sec63 
dvl-binding protein daple 
elongation factor-I gamma 
euk. peptide chain release factor 
euk. translation initiation factor 
euk. translation initiation factor 
euk. translation initiation factor 
euk. translation initiation factor 
euk. translation initiation factor 
euk. translation initiation factor 
high mobility group protein 1 
high-mobility group box 1 
high-mobility group box 2 




immediate early 2 
likely protein kinase 
10c495097 protein 
maleless 
med iator of rna polyme rase ii tra n scr. 
mhck e12 kinase domain family protein 
nad-dep. deacetylase sirtuin 2 
nad-dependent deacetylase sirtuin 5 
pentatricopeptide repeat protein 
pentatricopeptide repeat protein 
pentatricopeptide repeat protein 
pentatricopeptide repeat protein 
pentatricopeptide repeat protein 
pentatricopeptide repeat protein 
protein serine threon ine kinase 
pumilio 1 
regulator of nonsense 




small optic lobes homolog 
structure specific recognition protein 
tnf receptor-associated factor 3 
wgr domain protein 
zinc finger ccch-type contain ing 4 
zincfinger protein 
zinc finger protein 
Figure 6. Heat map of transcript abundance for Pentatricopeptide Repeat Proteins (A) and 
Polyketide Synthases (8). 
Log ratio profiles for transcripts for the PPR (A) and PKS (8) 
for day 10, 14, and 18 timepoints. 
74 
A.. Pentatricopeptide Repeat Proteins B. Polyketide Synthases 
Day Day 
Contig III 14 11 BlAST E-value Contig 10 14 18 Contig Description 
2853 7.08E-3O 9074 phenolpthiocerol synthesis type-i PKS ppsb 
3292 1.41E-3O 1932 polyketide synthase 
3255 1.14£-28 2416 polyketide synthase 
3254 1 .25E-15 1596 polyketide synthase 
3266 3.15E-06 10903 type i modular polyketide synthase 
3178 4316 type i polyketide synthase protein kb1008 
3307 5659 type i polyketide synthase protein kb2006 
3287 6 .37E-21 2510 type i polyketide synthase protein kb5299 
3258 1.26£.-38 7472 type i polyketide synthase protein kb5299 
3179 3.15E-33 8024 type i polyketide synthase protein kb6736 
3288 6604 type-i pks 
3171 4012 type-i pks 
3261 3.14£.-19 
3291 8.68E-36 
3973 457£.-33 Lo Ratio 
3308 1 .11E-05 
3257 951£,-16 >-0.4 o 0.4< 
3280 1.93E-23 




























Figure 7. Validation of microarray results by quantitative PCR (qPCR). 
Eleven genes were selected for validation of the microarray results by qPCR. Overall, there was 
a correlation of 0.9278 across the time series (Spearman's Rho, p < 0.0001, n = 33). The 
correlations at the day 10, 14, and 18 time points were 0.9364 (p < 0.0001, n = 11), 0.7818 (p = 
0.0045, n = 11), and 0.9364 (p < 0.0001, n = 11), respectively. 
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Contig 10 14 18 Contig Description 
2963 
qPCR 








































>-oA 0 0.4< 
77 
Figure 8. Comparison of log ratio estimate results from i-color and 2-color format. 
Each point represents a feature on the microarray (n = 10263). Blue line represents the linear 
regression (y = 0.8257x - 0.0189, r2 = 0.8560, P < 0.0001). The one-color and two-color log ratio 




















y = 0.8257x - 0.0189 
r2 = 0.8560, p < 0.0001 
Pearson r = 0.9252, P < 0.0001 
2 
One-Color log Ratio Values 
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Figure 9. Common gene list results for one versus two-color microarray data based on 
differentially expressed genes 











































PROGRAMMED CELL DEATH IN K. BREVIS 
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INTRODUCTION 
Caspases, fysteine aspartic acid proteases, are key metazoan enzymes involved in 
potentiating signals through the programmed cell death (PCD) pathway. PCD, an active, 
genetically controlled process leading to the orderly destruction of damaged cells, has been 
identified as a key regulator of cell growth, development, and death. Caspase enzymes, divided 
into two functional categories, function in a cascade whereby the initiator enzymes (casp. 2, 8, 
9, 10) work to regulate and activate the executioner caspases (casp. 3, 6, 7). The downstream 
executioner caspase enzymes cleave a diverse set of targets, such as proteins supporting the 
structural integrity of the cell (Le. lam ins and actin), proteins that integrate extracellular matrix 
interaction (Le. focal adhesion and desmosome proteins), as well as general maintenance 
functions such as transcription, translation, DNA repair, and other metabolic processes 
(reviewed in Degterev and Yuan 2008; Taylor et al. 2008). Until recently, the PCD process was 
deemed unique to metazoans; however, molecularly regulated cell death has now been 
observed for plants, fungi, protozoa, bacteria, and archaea species. 
Caspase homologs, termed metacaspases, were identified more than a decade ago in 
plants, fungi, and protists, including phytoplankton, and defined as clan CD cys proteases with 
the presence of a structurally homologous caspase/hemoglobinase fold (Uren et al. 2000). In 
addition to containing the well-conserved catalytic domain (p20), metacaspases contain a C-
terminal domain reminiscent of a p10 caspase domain. Metacaspases have been delineated 
into Type I or Type II depending on whether the enzyme contains a prodomain (Type I) or an 
extended linker region between the p20 and p10 domains (Type II) (Tsiatsiani et al. 2011). The 
presence of a conserved histidine/cysteine catalytic dyad at the predicted active site within the 
83 
p20 domain, with the cysteine residue capable of acting as a nucleophile for substrate peptide 
bond hydrolysis, initially suggested that observed caspase activities measured by canonical 
caspase fluorogenic probes in these organisms could be attributed to metacaspases. Further in 
silico and biochemical analyses for metacaspase enzymes have since distinguished 
metacaspases as coordinating strict cleavage after basic residues, namely arginine and lysine, 
rather than aspartic acid as do metazoan caspases. This distinct biochemical difference has led 
to contradictory reports on the connection between caspase-like activities and the functional 
role of metacaspases in non-metazoans (reviewed in Tsiatsiani et al. 2011). 
To date, no bona fide caspase enzymes with aspartic acid specificity have been 
identified in any phytoplankton species. However, caspase-like activity is present. Studies on 
caspase-like activity in microalgae have provided key information for understanding the 
evolutionary lineage for the PCD pathway and have shifted the paradigm for understanding 
population regulation, fitness, and selection, and as such the ecological contexts and 
consequences in the environment for these types of organisms (Franklin et al. 2006). Caspase-
like activity is observed in death processes induced by various stressors such as nutrient 
starvation (Bidle and Bender 2008), dark treatment (Segovia et al. 2003; Segovia and Berges 
2009), high light (Berman-Frank et al. 2004), CO2 limitation (Vardi et al. 1999), viral infection 
(Sidle et al. 2007), and protein synthesis inhibition (Segovia and Berges 2005). Caspase activities 
associated with cellular aging have been also been documented during iron limitation in the 
diatom, Thalassiosira pseudonana (Bidle and Bender 2008), while more recent studies have 
further defined a larger context for caspase activity in regulating stress acclimation (Bidle et al. 
2010; Thamatrakoln et al. 2011). Together, these findings have directed our interest in 
investigating the role of caspases or their homo logs in chronological aging and cell death 
processes in K. brevis. 
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Caspase 3-like activity has been previously documented in Karenia brevis over a long 
term sampling regime; however, in that study DEVDase activity only spiked during a technical 
temperature failure, therefore, the involvement of caspase-like activity during the aging process 
of K. brevis remains unclear (Bouchard and Purdie 2011). In addition, the enzymes responsible 
for caspase-like activities observed in phytoplankton remain unresolved. The acidic cleavage 
pocket of metacaspases studied to date in plants, fungi, protists, and other phytoplankton 
species, results in Arg/Lys specificity in the Pi position of their substrate targets (Vercammen et 
al. 2004; Watanabe and Lam 2005), and not the Asp specificity of caspases; thus, it is evident 
that other candidate proteins need to be considered to gain insight into the mechanisms 
controlling caspase-like activity in phytoplankton. Biochemical analyses demonstrate a number 
of enzymes in plants posess caspase-like activity, including vacuolar processing enzyme 
(Hatsugai et al. 2004), proteasome subunit Bl (Hatsugai et al. 2009), and subtilisins (Chichkova 
et al. 2010). These provide clues for additional candidate caspase-like enzymes in 
phytoplankton. Similarly, while the activation of caspase-like activity has been documented in 
phytoplankton, no studies to date have defined the target proteins with caspase cleavage 
motifs. Identifying both the caspase-like enzymes and substrates for the caspase activities in 
phytoplankton will provide a basis for understanding the connections between signaling 
pathways, metabolic processes, and death programs in an evolutionary and ecological context. 
In the current study, a combination of biochemical analyses and in silica EST sequence 
data mining was employed to identify the role caspase activity may play in the chronological 
aging and death processes in K. brevis and to identify the upstream and downstream pathway 
constituents of caspase-like activities. Quantification of caspase 1, 3/7, 6, 8, and 9-like activities 
was carried out to gain an understanding of their presence, timing, and magnitude during 
chronological aging. Next, a short-term ROS challenge was employed to assess a role for 
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caspase-like enzyme activity in death processes. DNA fragmentation, caspase-like activity, and 
caspase 3-like protein expression were used to define PCD-like morphological changes present 
in K. brevis. Targeted in silico bioinformatic mining was then used to identify enzymes 
potentially responsible for the activities observed, as well as the substrates, by taking into 
account both substrate sequence context and functional annotation information. Finally, K. 
brevis S-adenosylmethionine synthetase (KbAdoMetS), a putative caspase substrate predicted 
from the bioinformatics screen, was examined using matrix-associated laser desorption 
ionization time of flight (MALDI-TOF) mass spectrometry (MS) to confirm if it is capable of being 
cleaved at the proposed caspase DEVD motif by recombinant human caspase 3. Taken together, 
this project identifies for the first time that K. brevis contains morphological changes indicative 
of a PCD-like pathway. ROS-driven PCD in this organism appears to be coordinated by caspase-
like enzymes that are distinctive from the metacaspase family. 
METHODS 
Culture Maintenance and Sampling Regime 
Karenia brevis (Wilson isolate) was maintained in batch cultures in 1-L glass bottles with 
autoclaved, 20 Jlm filtered seawater at 36 psu obtained from the Vero Beach Field Station 
seawater system at the Florida Institute of Technology. Seawater was enriched with modified 
tl2 medium with 0.01 mM selenous acid (final concentration) and ferric sequestrene used in 
place of EDTA ·Na2 and FeCI3 ·6H20. Cultures were maintained on a 16:8 light-dark cycle, with 
illumination from cool white lights at a photon flux density of 50 - 65 JlE·m-2·sec-1 measured 
with a LiCor 2pi meter at 25°C. Twenty - one 900 mL batch cultures were inoculated at a starting 
concentration of approximately 1000 celis/mL, from a mid-logarithmic stage starter culture on 
day O. Independent triplicate cultures were sampled every other day from day 6 to 18. Cell 
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abundance and growth rates were determined for each sample using a Beckman Coulter 
Multisizer 3. The specific growth rate and divisions per day were calculated as: Specific growth 
rate; K' = Ln (N2 / Nl) / (t2 - t1), where N1 and N2 = biomass at timel (t1) and time2 (t2), 
respectively, and divisions per day as; Div.day-l = K' / Ln2 (Levasseur et al. 1993). 
Photosynthetic Efficiency (Fv/FM) 
To obtain an indication of photosynthetic health, the maximum photochemical quantum 
yield of photosystem II (Fv/FM) was determined using the method of (Vincent et al. 1984) with 
modifications. Briefly, 3 mL of K. brevis culture from each experimental sample were dark 
adapted for 30 minutes. The initial fluorescence emitted when all reaction centers are open (Fa) 
was read on a Turner Designs Model 10-AU Fluorometer (Sunnyvale, CA). Cultures were then 
exposed to 0.03 J.lM DCMU (3-3,4-Dichlorophenyl)-1,1-dimethylurea) (Sigma) to reduce UA, the 
first electron acceptor of photosystem II, and maximal fluorescence (FM) was read. PSII quantum 
efficiency, Fv/FM' defined as (Fa - FM)/FM was determined for each sample. 
Cell viability 
Cell death was quantified using the mortal stain, SYTOX green (Invitrogen). 5 mL of 
culture sample was incubated in the dark with SYTOX green at a final concentration of 5 nM for 
15 minutes. Cells were fixed (final conc. 2% glutaraldehyde) for 5 minutes prior to 
centrifugation at 600 x 9 for 5 minutes at room temperature. Sytox-positive (dead) cells were 
counted on an Olympus BX51 epifluorescence microscope with an excitation wavelength of 450 
- 490 nm and emission of 523 nm. The percentage of dead cells was calculated from a 
minimum of 200 cells counted per slide. SYTOX - positive and negative cells were 
photogra phed. 
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Measurement of Caspase Activity 
K. brevis cells were pelleted by centrifugation at 600 x 9 for 10 minutes at room 
temperature. Cell pellets were lysed in lX lysis buffer (Anaspec, Fremont, CA) for 30 minutes at 
4°C with rotation. Cell extracts were centrifuged at 10,000 x 9 for 10 minutes at 4°C. The 
protein concentration of the supernatant was determined by the Bradford Assay (Pierce). 
Protein lysate, 10 Jlg per well, was incubated either in the presence or absence of the 
irreversible pan-caspase inhibitor, carbobenzoxy-val-ala-asp-[O-methyl]-fluoromethylketone (z-
VAD-fmk, 50JlM final concentration), for 30 minutes at 4°C with rotation. The caspase inhibited 
(+ z-VAD-fmk) and non-inhibited (- z-VAO-fmk) samples were then incubated with fluorogenic 
peptide caspase substrates (50 JlM final concentration) in lX activity buffer with 20 mM 
dithiothreitol (OTT). Hydrolysis of the fluorogenic peptide substrates for caspase 3/7 (acetyl-
Asp-Glu-Val-Asp-7-trifluoromethylcoumarin: ac-OEVD-AFC), caspase 6 (ac-VEID-AFC), caspase 8 
(ac-IETO-AFC), caspase 9 (ac-LEHO-AFC), and caspase 1 (ac-WEHD-AFC) were tested in triplicate 
for each sample (with and without z-VAD-fmk) for each time point. A mixture of lysis buffer and 
activity buffer containing each separate fluorogenic substrate served as the negative controls. 
The rate of substrate cleavage was determined (excitation, 390 nm; emission, 490 nm) over an 
18 hr period with measurements taken at 1 hr intervals using a BMG FLUOstar plate reader 
(Ortenberg, Germany). 
Reactive Oxygen Species (ROS) Detection 
Two milliliters of culture was gravity filtered onto a black 5 Jlm polycarbonate filter 
(Poretics, K50BP02500). Cells were washed with 1 ml of seawater 3 times. Cells were stained 
with H2-DFFDA (Invitrogen, C13293) at a final concentration of 10 JlM for 10 minutes at room 
temperature in the dark. The filter was mounted onto a microscope slide with Siowfade Gold 
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Antifade reagent (Invitrogen, 536936). Cells were visualized on an Olympus BX51 
epifluorescence microscope with an excitiation wavelength of 450-490 nm and an emission of 
523 nm. For each treatment (logarithmic phase, stationary phase, and 80mM H202-treated), 
three individual biological replicates were prepared and examined. 
DNA Fragmentation: Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End 
Labeling Assay (TUNEL) 
DNA fragmentation was assessed using the APO-Brd-U TUNEL Assay Kit (Invitrogen) with 
a modified protocol. The APO-Brd-U TUNEL assay exploits the fact that DNA breaks expose a 
large number of 3' -hydroxyl ends that are used as starting points for terminal deoxynucleotidyl 
transferase {TdT}. Addition of deoxythymidine analog 5-bromo-2'-deoxyuridine 5'-triphosphate 
{BrdUTP} by TdT to the break sites was detected by an anti-BrdU antibody labeled with Alexa 
Fluor 488 dye that was visualized with a fluorescein filter. Following treatment with 80 flM H202 
to induce cell death, 25 mls of K. brevis culture was fixed with 1% paraformaldehyde in seawater 
(final concentration) for 10 minutes at room temperature. Fixed cells were pelleted (1000xg for 
5 minutes) and subsequently washed and pelleted in seawater. Cells were permeabilized in 
methanol for 10 minutes at -20°, and subsequently washed once in seawater as above. Cells 
were labeled following manufacturer's protocol. Samples were resuspended in PBS and green 
fluorescence was observed with an Olympus BX51 epifluorescence microscope with an 
excitation wavelength of 450 - 490 nm and emission of 523 nm. A positive control consisting of 
control culture treated with DNase I (Sigma) for 15 minutes prior to labeling, demonstrated 
staining (97% of cells were stained positive). Data reported is the average percent of positive 
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cells derived from four biological replicates for each treatment group, in which three slides were 
counted per replicate with a minimum of 200 cells counted per slide. 
Western Blotting Analysis 
Samples for immunochemical analysis were extracted using a cell lysis buffer (Anaspec) 
as described above for the caspase activity assay preparation and protein concentration 
determined by the Bradford assay (PierceL loaded on an equal basis (l0J..lg/lane), and separated 
on a 4-12% Bis-Tris gradient protein gel using MES buffer (Invitrogen) (200V, 1 hr). After SDS-
PAGE, total protein was transferred to a PVDF membrane at 20 volts for 8 minutes (iBlot, 
Invitrogen). Blots were probed with either the polyclonal antibody against the active form of 
human caspase 3 (Sigma, C8487) at 1:1000, KbMC1 custom peptide antibody (ProSci; 1:2000), 
and MnSOD (StressGen; 1:2000) in tris buffered saline with 1% Tween 20 (TBST) overnight at 
4°C, then probed with a polyclonal donkey anti-rabbit IgG horseradish peroxidase (Sigma 
Aldrich) 1:2000 in TBST, 1 hr at room temperature), detected using the West Pico HRP 
Chemiluminescent detection kit (Pierce), and developed using standard film methods. 
Screening of K. brevis EST libraries for Putative Caspase Enzymes 
A K. brevis EST library (version 3; http://www.marinegenomics.org/node/27110/assembly) 
was annotated and Gene Ontology (GO) categories were assigned for the 65,292 ESTs using 
BLAST2GO version 2.3.6 using both standard and GO SLIM analyses (Conesa et al. 2005). Top 
BLAST hit descriptions and GO terms were queried for sequences with BLASTx E-values < 10-4 
containing metacaspase, caspase, subtilisin, and vacuolar processing enzyme annotations. 
Annotations were confirmed by performing BLASTx searches on the K. brevis EST library with 
previously characterized sequences from other organisms (Uren et al. 2000; Madeo et al. 2002; 
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Hatsugai et al. 2004; Vercammen et al. 2004; Hatsugai et al. 2009; Chichkova et al. 2010; Jiang et 
al. 2010). BLASTp searches were performed to determine the presence and position of 
conserved domains (http://www.ncbi.nlm.nih.gov/). Multiple sequence alignments were 
constructed using ClustalW (BioEdit) to verify conserved domain positions and identify the 
catalytic sequence positions and catalytic pocket amino acid contexts when available. 
Caspase Substrate Identification 
The K. brevis EST library (version 3; http://www.marinegenomics.org/node/27110/assembly) 
was translated using OrfPredictor (Min et al. 2005) and queried for caspase cleavage sites using 
the Random Forest trained classifier (RF-12-12) by Pripper (Piippo et al. 2010) for the canonical 
caspase substrate motifs DEVD, IETD, VElD, LEHD, and WEHD independently. Identified proteins 
were confirmed through CasCleave (Song et al. 2010) and functionally characterized using the 
phylogenetic classification scheme of Clusters of Orthologous Groups of proteins for eukaryotic 
organisms (KOGs) using Kognitor (http://www.ncbLnlm.nih.gov/COG). P8 - P8' cleavage context 
around the Pi aspartic acid canonical site was characterized only for proteins positively 
identified by both Pripper and CasCleave predictions. 
Matrix-Assisted Laser Desorption/Ionization (MALDI) Mass Spectrometry (MS) Analysis of K. 
brevis S-adensosylmethionine Synthetase (KbAdoMet) DEVD Cleavage 
Whole cell extracts from vehicle control and 80 JlM H202/10 minutes treatments were 
obtained as stated in the Western blotting methods. The KbAdoMetS peptide (20 nmol) was 
incubated with either the control K. brevis Iysates (10 Jlg protein/reaction, n = 3), the H202 
treated K. brevis Iysates (10 Jlg protein/reaction, n = 3), or with 10 units of recombinant human 
caspase 3 enzyme (PHZ0014, Invitrogen) in 25mM HEPES, pH 7.4 for 4 hours at room 
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temperature (n = 3). Buffer only, peptide only, inhibitor only, control and experimental cell 
lysate only, and enzyme only controls were run in parallel to assess background noise and 
nonspecific degradation of the peptide over time (n = 3/treatment). Following the 4 hour 
incubation, which was based on optimization data to maximize the cleavage signal deduced 
from the biochemical caspase 3 cleavage assay prior to MS analysis, peptides were purified by 
C18 Zip tip columns (Millipore, Billerica, MA). Briefly, Zip-tips were equilibrated in 100% 
acetonitrile (ACN), washed with 0.1% trifluoroacetic acid (TFA), and loaded with 20 ml of 0.1% 
TFA acidified reaction material. Columns were then washed twice with 0.1% TFA, and eluted 
with a low pH MALDI matrix compound (10 giL a cyano-4 hydroxycinnamic acid in 1:1 with 50% 
ACN and 0.1% TFA.) Eluted matrix (l.s f.ll) was applied to the MALDI plate in triplicate per 
treatment. Spectra were collected on a Waters LR MALDI-TOF, with 20 spectra collected and 
combined for each sample. Raw MALDI-TOF spectra were processed using Progenesis MALDI 
software package (Nonlinear USA Inc., Durham NC). Spectra were preprocessed by subtracting 
background, setting the noise filter to 5, and a top hat filler size of 200. The spectra were then 
aligned using a search area of 5 with 20 iterative cycles. Peaks with a weighted average of 1500 
cps were automatically selected. In addition, manual inspection of the proposed products (1148 
and 1130 m/z) was performed as peaks were present, but low intensity in some samples. 
Normalized peak height for full length KbAdoMetS peptide (2430 m/z) and the proposed 
products (1148 and 1300 m/z) were compared between treatments. Due to the fact that the 
cleavage products demonstrated such low intensities in the K. brevis samples, statistical tests 
were not employed and only non-quantitative conclusions were drawn. 
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RESULTS 
Physiological Changes Associated with Chronological Aging 
To investigate the role caspase-like activities may play in the chronological aging process 
of K. brevis, 211-liter cultures were seeded at approximately 1000 cells/ml on day O. 
Independent triplicate liters were harvested every other day from day 6 -18 to assess the 
physiological response of K. brevis over natural aging. The cultures reached a maximum specific 
growth rate (K') of 0.30 ± 0.12 d-1 on day 6, which marked mid-logarithmic phase growth (Fig. 
lA). Subsequently, the transition into stationary phase occurred on day 10 and was defined by a 
decrease in growth rate at the maximum cell concentration of 1.4 x 104 celis/mL. Stationary 
phase was sustained for the duration of the sampling regime, and a death phase was not 
observed, as the cell counts remained at approximately 1 x 104 celis/mL until termination of the 
experiment on day 18 (Fig. lA). Photosynthetic efficiency (Fv/FM) was measured across time as 
an indicator of cellular stress. Mid-logarithmic phase cultures demonstrated high Fv/FM values 
(0.62 ± 0.10)' indicative of a healthy physiological state. Fv/FM declined by 58% at the transition 
into stationary phase, and oscillated between 0.34 - 0.48 until the end of the sampling regime 
(Fig. lB). The decrease in the specific growth rate was correlated with the decrease in the 
physiological health status (p = .4584, P = 0.037). The SYTOX green viability data indicated that 
cell viability remained above 97.5% throughout the entire experiment, further demonstrating 
that a massive cell lysis event did not occur (Fig. lC). 
Caspase-like Activity During Chronological Aging 
To determine the presence and magnitude of caspase-like activity during chronological 
aging in K. brevis, the rate of hydrolysis of fluorogenic canonical caspase substrates was 
measured. Caspase-like activity specific to the initiator caspases 1 (WEHD), 8 (IETD), 9 (LEHD) as 
93 
well as the executioner caspases 3/7 (DEVD) and caspase 6 (VElD) were assessed (Figure 2A - EL 
with the rate of hydrolysis of the fluorescent AFC molecule (caspase activity) for each substrate 
expressed as pmol AFC cleaved· J.lg-1 protein· h-1. Enzymatic activity corresponding to 
executioner caspases demonstrated elevated activity at the transition into stationary phase and 
peaked during mid-stationary phase (day 12) (Fig. 2A - C). Activity for initiator caspase 1 
(WEHD) demonstrated a similar pattern, with peak activity on day 14; however, activity levels 
were much lower compared to caspases 3/7, 6, and 9 activities (Fig. 2D). Although caspase 8-
like activity was detected and demonstrated elevated levels during stationary phase, it was 
more variable than for the other substrates and did not appear to follow the same pattern (Fig. 
2E). Across all substrates, one of the cultures on day 12 demonstrated noticeably higher activity 
than any other culture throughout the experiment. There is no indication that this phenomenon 
was driven by assay error, and appears to be biologically driven. The distribution of caspase 
activity over time was tested using the Kruskal Wallis test, as the data was not normally 
distributed, and was found to be significantly changing for caspase 3 (DEVD), caspase 9 (LEHD), 
caspase 6 (VElD), and caspase 1 (WEHD) activities. These results were not influenced by the 
extreme caspase activities observed on day 12 as the statistical test remained robust when this 
data point was excluded from the analysis. Although the distribution of caspase 8-like activity 
was not significantly changing over time due to the high biological variability for this substrate, 
elevated levels in stationary phase did provide evidence that caspase-like activities for all 
substrates tested in K. brevis are induced upon transition into the non-dividing phase of growth. 
Activity for all substrates was found to be significantly, negatively correlated with specific 
growth rate (Fig. 2F). 
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H20r induced PCD-like Cell Death in K. brevis 
Experimental rationale and H 2~-dose/time response experiment 
Although caspase-like activities were found to be elevated in stationary phase, 
connecting this to PCD morphologies proved to be difficult in aging cultures as complete decline 
happened at variable rates and over several days. In order to follow death in real time, a 
treatment regime was needed that would induce cell death through a caspase-dependent 
mechanism, in a timeframe suitable for the investigation of morphological changes associated 
with PCD. Since ROS has previously been shown to induce PCD in other phytoplankton species, 
we tested the ability of H202 treatment to induce ROS and subsequent cell death in K. brevis. A 
dose/time response range finding experiment (60, 80, 100 f.lM H202 at 5, 10, 30, 60, and 120 
minutes) was designed to evaluate which parameters would result in over 50% of the cells as 
caspase 3/7-positive (CeliEvent in situ Caspase 3/7 Marker), but contain < 10% propidium iodide 
positive cells (data not shown). ROS staining in cells 80 f.lM H202 treatment for 10 minutes 
demonstrated that the cells bear a heavy ROS load, with uniform and bright staining in >95% of 
cells. ROS staining in stationary phase demonstrated that the majority of cells (>65%) were 
positively stained and ROS staining precedes death. Control cells from logarithmic phase stained 
negative for ROS. Minimal staining was observed in a small population of control cells «5%) of 
logarithmic phase cells (Figure 3). 
Caspase 3/7-like activity following H2~-treatment 
To determine whether K. brevis exhibits DEVDase activity during ROS-induced cell death, 
two independent methods were utilized. To directly compare the magnitude of DEVD activity to 
that observed in chronological aging, K. brevis was assayed using the same biochemical cleavage 
assay. H202 treated cells demonstrated a significant induction in DEVDase activity (9.5 pmole 
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AFC cleaved/mg protein/hour) when compared to untreated control cells (0.5 pmol AFC 
cleaved/mg protein/hr) (Fig. 4A). H202 treated K. brevis exhibited comparable levels of DEVDase 
activity as found in stationary phase cultures in the chronological aging experiment (Fig. 1A). 
Pre-incubation of the cell extracts with the irreversible pan-caspase inhibitor, zVAD-FMK (50 
JlM, final concentration) for 30 minutes prior to the substrate addition inhibited> 80% of 
fluorescence in all samples, suggesting that only a minor portion of the activity was from general 
proteases, confirming that the cleavage assay results report fluorescence specific to caspase-like 
enzymes in K. brevis. 
The CellEvent Caspase 3/7 Detection Marker was used in conjunction with the 
biochemical cleavage assay to provide a secondary measure of caspase-like activity, but also as a 
means to assessing the morphological changes that accompany caspase activity in K. brevis 
(Figure 4B). The CellEvent marker was optimized for K. brevis (10 minute incubation/10 J.lM final 
concentrationL as longer incubation time (>30 minutes in the manufacturer's protocol) 
produced false positive results, as determined by PI positive staining. Only PI negative cells 
were counted for the CellEvent quantification analysis (Figure 4B). As with the biochemical 
cleavage assay, the CeliEvent marker results demonstrated that K. brevis caspase 3/7-like 
enzyme activity is significantly increased during H202 treatment (Figure 4C). In addition, 
optimization of the CeliEvent marker for live cell imaging allowed for inspection of the 
morphological changes associated with caspase activation. Following H202 treatment, K. brevis 
cells underwent one of two distinct sets of morphological changes prior to cell death. 
Approximately 70% of cells exhibited nuclear migration from the lower quadrant to the middle 
of the cell, followed by nuclear swelling; however, cell shape and size remained the same. The 
contents of the cells undergoing this type of death were maintained inside the cell and were 
observed to eventually slowly leak over the following two hours that they were observed. A 
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subset of these cells did show signs of chloroplast swelling and rupture, but only after the 
nuclear migration. In contrast, roughly 30% of cells exhibited extensive cytoplasmic blebbing 
and cellular swelling, but did not undergo nuclear migration. Nuclear size and shape remained 
similar to pre-treatment control cells, although chloroplasts appeared to swell and rupture in 
the majority of the cells. Time to death was greatly extended in this population compared to 
the first morphotype, sometimes lasting up to 2 hours before becoming PI positive once the cell 
ruptured and its contents spewn into the medium. Interestingly, caspase activity was only 
present in cells that exhibited nuclear migration and swelling (tv 60%), rather than cells 
undergoing cytoplasmic blebbing (tv40%) (Figure 5). 
DNA fragmentation following Hzili-treatment 
The presence of DNA degradation was assessed in K. brevis following 80 JlM H202 
treatment and in control samples using the TUNEL assay. Since dinoflagellates lack 
nucleosomes, DNA laddering analysis by gel electrophoresis would not yield interpretable data; 
therefore, utilizing the anti-BrdU TUNEL system results in a more accurate reflection of DNA 
damage in a dinoflagellate, and was thus employed in this study. Following H202 treatment, 
TUNEL fluorescent label (Figure 6) was identified in both in the nucleus, as well as in the 
chloroplasts. Microscope counts were conducted on the nuclear staining to quantify the 
percentage of cells demonstrating positive TUNEL staining. Approximately 60% of 80 JlM H202 
treated cells were positive for DNA damage, while only 5% of control cells were TUNEL positive 
(Figure 6A - TUNEL- panel). Negative control samples, lacking the terminal transferase, were 
run in parallel for both the control and experimental samples, and showed no staining in either 
treatment. 
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Immunoreactivitv of K. brevis extracts with human caspase 3 antibody increased during ROS-
induced death 
Given the significant induction of DEVDase activity, Western blot analysis was 
performed on K. brevis whole cell extracts from mid-logarithmic phase, the transition into 
stationary, and stationary phase with a polyclonal antibody raised to the active form of human 
caspase 3 (Fig. 7, lanes 3 - 5). Immunohybridization was observed to distinct bands ranging 
from 22kDa to 66kDa, with the most intense immunohybridization occurring at 42kDa and 
52kDa (lane 4 and 6), which corresponded, to the transition to stationary phase timepoint. 
Immunoreactivity was inhibited more than 50%, based on densiometry analyses, when the 
caspase 3 antibody was pre-incubated in the presence of recombinant active caspase 3 enzyme 
to block specific binding (lane 7). The 66kDa protein band appeared to only be present in late 
stationary phase cultures (lane 5). Blocking of this band was not determined due to limited 
material, but it was present in two of the three independent cultures, which corresponded to 
crashing cultures. The immunoreactivity appears to be distinct from KbMC1, as pre-incubation 
of KbMCl antibody with recombinant caspase 3 had no effect on immunohybridization (lanes 8 
and 9). 
To determine the extent to which caspase 3-like proteins are involved in the induction 
of H20r induced cell death, extracts from control and 80J-lM H202 treated cells were 
immunohybridized with the anti-caspase 3 antibody. Following H20r treatment, the human 
caspase 3 antibody cross-reacted with the three distinct bands (66, 52, and 42 kDa bands) 
previously seen in the chronological aging experiment. Immunoreactivity for all three bands 
significantly increased following the H202-treatment (Figure 8). 
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Candidate Proteins in K. brevis with Caspase Function. 
Since bona fide caspases are not present in other phytoplankton and have not been 
found in the K. brevis EST library, we next sought to identify potential proteins responsible for 
this activity. 
Metacaspases 
Seven metacaspase sequences were identified in a translated K. brevis EST library 
(version 3; http://www.marinegenomics.org/ node/27110/assembly) with BLASTx Expect (e) 
values ranging from 7e-11 to 2e-80 (Table 1A). Five EST sequences contained the well-conserved 
peptidase_C14 (pfam00656) caspase conserved domain, with four of the sequences containing 
the conserved catalytic histidine and cysteine dyad. Further analysis of the sequence context 
around the catalytic He dyad, however, identified that the histidine residue is replaced in one 
case by Y (MGID2080273), but overall they contain a (H/Q)(F/Y)SG(!::!IY)G context demonstrating 
that K. brevis metacaspases utilize an adjacent glycine for cleavage stabilization as seen in 
caspases and metacaspases (Earnshaw et al. 1999). Similar to other characterized 
metacaspases, the catalytic cysteine context of D(C/S)~HSG suggests that K. brevis 
metacaspases contain an acidic catalytic pocket due to the aspartic acid residue (bolded), and 
thus appears to coordinate cleavage of arginine and lysine residues in the P1 site, rather than 
aspartic acid. Given the biochemical specificity of K. brevis metacaspases towards Arg/Lys 
deduced from sequence context, alternative candidates for the observed caspase activity were 
explored. 
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Peptidase (14 caspase catalytic p20 subunit containing proteins 
Eleven proteins annotated as peptidase C14 catalytic p20 subunit containing proteins 
were identified from the translated K. brevis EST library with E-values ranging from 9F5 to 4E-30 
(Table IB). Ten of the eleven proteins demonstrated high similarity with a metacaspase in 
Trichodesmium erythraeum, a filamenteous cyanobacterial species. T. erythraeum contains 10 
metacaspases that, in addition to containing a caspase domain (pfam00656L possess 62 
additional protein domains such as EZ-Heat, WD40, DUF323, and Chase2. The conserved p20 
domain and H/C sites were not identified in any of the eleven peptidase_C14 caspase catalytic 
p20 containing proteins identified in K. brevis; however, like Trichodesmium, these E5Ts 
contained a number of domains including TPR repeats, EZ-Heat repeats, armadillo domains, a 
chromatin condensation complex {condensing} subunit, and a 265 proteasomal regulatory 
domain subunit that likely drove their homology to the T. erythraeum metacaspase. The 
absence of conserved p20 domain and H/C sites from these proteins disqualified them as 
candidates for caspase-like activity in K. brevis. 
Subtilisin and Vacuolar Processing Enzyme 
Given the Arg/Lys cleavage context in other metacaspases, and the absence of the 
conserved p20 domain and catalytic dyad in the proteins annotated as peptidase_C14 caspase 
catalytic p20 containing proteins, other proteases known to exhibit caspase activities were 
analyzed in K. brevis {Table lC}. Vacuolar processing enzyme {VPE} {Hatsugai et al. 2004}, 
proteosome subunit PSI (Hatsugai et al. 2009), and subtilisins (Chichkova et al. 2010) are 
candidates that have demonstrated caspase substrate cleavage specificity in Arabidopsis. Using 
tBLA5Tx searches, two sequences (MGID2026497: 4E-71 and MDID1977692: 2E-22 ) annotated as 
peptidase_58 subtilisins were identified, both containing the conserved subtilisin domain 
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(pfam00082) (Table 1). While all active site residues were identified for MGID2026497, only two 
of the three active site residues were identified in MGID1977692 due to incomplete sequence 
information. Further sequence analysis using COG classification identified both sequences as 
containing strong homology to KOGl153, subtilisin-related protease/vacuolar protease~. No 
homologous proteins to the Arabidopsis proteasomal subunit PBl were identified in K. brevis. 
Thus, given our current K. brevis genomic resources, two sequences with homology to subtilisin-
related protease/vacuolar protease f3 present the most viable candidates for the observed 
caspase 3-like activity in K. brevis. 
Candidate Caspase Substrates Identified in K. brevis 
Three classes of caspases have been previously identified in mammalian systems based 
on their preference for different amino acid residue chemistry in the Pl- P4 positions, with all 
containing strict preference for aspartic acid at Pl (Talanian et al. 1997). The cytokine 
processor/ICE-like caspase family, represented in this study by caspase 1 activity, prefers bulky 
hydrophobic residues in the P4 position {WEHD}. The initiator caspases, with preference for 
branched aliphatic amino acids in P4, were assayed in this study with VElD, IETD, and LEHD for 
caspases 6, 8, and 9, respectively. The last biochemical class of caspases, the executioner 
CPP32-like subfamily, prefers aspartic acid in the P4 position, with a DXXD general consensus 
site and assayed in this study with DEVD. 
To identify the potential caspase targets for the assayed caspase activity, the translated 
K. brevis EST library was queried using two independent algorithms for caspase substrate 
cleavage specificity, Pripper and Cascleave. Pripper utilizes a Random Forest classifier {RF-12-
12} that takes into consideration not just the Pi aspartic acid cut site but also the 12 residues 
upstream {P2 - 12} and downstream {Pl' - P12'} (Piippo et al. 2010). As the RF-12-12 considers 
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neighboring residues, caspase candidates were scored by Pripper based not only on the 
presence of the specific cleavage P1- P4, but on the broader biochemical context surrounding 
the motif which has been previously shown to increase the predictive power in reliably 
identifying caspase substrate targets (Wee et al. 2006; Wee et al. 2007; Wee et al. 2009; Piippo 
et al. 2010). A total of 86 proteins (40 DEVD, 12 LEHD, 23 VElD, 2 WEHD, 9 IETD) were identified 
by Pripper to be caspase substrates, of which 44 (21 DEVD, 7 LEHD, 11 VElD, 1 WEHD, 4 IETD) 
were annotated with BLASTx E-values less than 10-4 (Table 2). 
The 44 target substrates identified by the Pripper analysis, with known functions, were 
next screened using CasCleave (Song et al. 2010), an independent predictive tool for caspase 
target substrate identification. CasCleave utilizes an extended support vector machine (SVM) 
model, whereby a support vector regression (SVR) was utilized to not only provide two-state 
predictions, such as in Pripper, but also an estimated probability for each candidate site. While 
this model also takes into account the residue context around the P1-P4 motifs, it also considers 
predicted secondary structure, solvent accessibility, and natively disordered regions for 
positions P8 - P8' (Song et al. 2010). Using this approach, of the 44 candidates identified in 
Pripper, a predictive caspase cleavage performance probability score of o.s or greater was 
confirmed for 31 substrates (Table 2, bolded). 
Statistical distribution of substrate cleavage sites 
The statistical distribution of amino acids in the P8 - P8' positions around the identified 
substrate cleavage sites were next evaluated for the 31 candidate proteins identified by both 
Pripper and CasCleave. The percentage occurrence for each amino acid class was calculated and 
displayed in a two-dimensional heat map to identify patterns of context specificity for K. brevis 
substrates (Figure 9). Similar patterns of specificity were found relative to those identified 
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through the combined prediction by CasCleave (Song et al. 2010), of the CASBAH (Fischer et al. 
2003), MEROPS (Rawlings et al. 2008), CASVM webserver (Wee et al. 2006; Wee et al. 2007), 
and Uniprot databases (Bairoch and Apweiler 2000), whereby small amino acids were present in 
70% of P1' in caspase 6 (VElD) substrates. Substrates with LEHD, WEHD, or IETD sites were not 
evaluated for statistical distribution patterns due to their smaller sample sizes. When evaluated 
by individual amino acid residue, a modest preference was observed for the small amino acids, 
alanine (30%) in caspase 3/7 substrates (DEVD) and glycine (57%) in caspase 6 substrates (VElD), 
in the P1' position (Figure 10). Upstream of VElD, site preference was also identified for E, K, R, 
or L (combined 28%) at P8 - PS. Preference for D and E (each 20%) was apparent at positions P6 
and Ps, respectively, in caspase 3/7 substrates (DEVD). Interestingly, substrates with a VElD site 
motif demonstrated a preference for nucleophilic residues (57%) at Ps'. 
Biological functions of caspase target substrate 
Annotated proteins with caspase substrate motifs represented 0.14% of the known K. 
brevis proteome (31 identified substrates/22,078 total proteins screened). Annotation and 
functional classifications for the caspase substrates was carried out in Blast2GO and Koginator 
(Tatusov et al. 2000) in order to gain insight into the biological connections of caspase activity in 
K. brevis (Table 2). KOG analysis indicated that a diverse group of functions are encoded by 
proteins with caspase cleavage sites. Five of the identified proteins encoded known caspase 
target substrates (Luthi and Martin 2007), three of which were categorized as involved in 
posttranslational processes, protein turnover, and chaperones. The constituents of this group 
included a ubiquitin carboxyl terminal hydrolase (Mahrus et al. 2008), a 26S proteasome 
regulatory ATPase ATP1 subunit (Adrain et al. 2004; Sun et al. 2004), and a polyadenylation 
factor complex protein (Dix et al. 2008). Two proteins involved in signal transduction processes 
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included a Ca2+/calmodulin dependent protein kinase EF-hand superfamily protein (Mcginnis et 
at. 1998), and a conserved protein containing a JmjC domain, which is a cupin metalloenzyme 
superfamily member (Dix et at. 2008). The remaining 26 caspase substrates predicted in K. 
brevis have not been previously identified as caspase substrates in other organisms; however, 
many are connected with pertinent processes related to coenzyme metabolism, lipid 
metabolism, cell cycle checkpoint regulation, and death processes (Table 2). 
Cleavage of the Predicted Substrate, K. brevis S-adensosylmethionine Synthetase (KbAdoMet), 
is Confirmed by MALDI-TOF as a Caspase Substrate Analysis of K. brevis 
The bioinformatics screen predicted numerous proteins in the K. brevis library not 
previously identified as caspase substrates in other organisms. To evaluate the validity of the 
bioinformatics screen, we selected one novel predicted substrate, KbAdoMetS (498 aa), to test if 
it is a bona fide caspase 3 substrate using an in vitro cleavage assay. A 22 amino acid peptide 
was designed around the predicted DEVD cleavage site (D484) starting at K474 to K495 resulting 
in a 2430 m/z peptide (Figure llA). The KbAdoMetS peptide was incubated with the active form 
of recombinant human caspase 3 and analyzed by MALDI-TOF MS. Incubation of the AdoMet 
peptide with active human caspase 3 resulted in cleavage of the peptide at the predicted site, 
resulting in a significant increase of the predicted fragmentation products, which were not 
present in the peptide alone or caspase 3 alone treatments (Figure IlB, C). The observed 
increase in both of the predicted peaks was inhibited by the addition of the caspase inhibitor, 
demonstrating that the cleavage was caspase 3 specific and not general nonspecific degradation 
of the peptide during the four hour incubation. This was also evidenced by comparable 
amounts of the 2430 m/z peaks in the peptide alone versus the peptide/caspase 3 
enzyme/inhibitor reaction (Figure IlB, C). Overall, these results confirm that the novel 
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predicted K. brevis caspase substrate, KbAdoMetS, was correctly predicted to be cleaved by an 
active caspase 3 enzyme, and lends support to the overall bioinformatics approach taken to gain 
insight into K. brevis caspase-dependent processes. 
DISCUSSION 
Understanding the processes regulating the aging and demise of K. brevis red tides is of 
both ecological and management interest. This study identified a role for caspase-like activity in 
both the transition from log phase to stationary phase of growth and in ROS induced cell death. 
The enzymes responsible for caspase-like activity were investigated and the putative substrates 
for this activity in K. brevis were identified. 
A broad range of functional studies utilizing caspase activity assays, caspase inhibitors, 
and western blotting with human caspase antibodies have defined a role for caspase-like 
enzymes in modulating cell death in a number of phytoplankton species. In turn a diverse array 
of cell death processes, such as PCD, necrosis, and parapoptosis has been identified. However, 
the biological and evolutionary context for these pathways is not well defined and the concept 
of altruistic suicide in unicellular lineages is still considered a matter of "ongoing debate" 
(Deponte 2008; Nedelcu et al. 2011). Numerous studies, however, dispel the assumption that 
because all unicellular cell death eventually leads to complete loss of the individual, there is no 
benefit to the population. Studies in the yeast, S. cerevicae demonstrate a direct benefit of cell 
death via a PCD-like pathway to the fitness of the surviving population (Fabrizio et al. 2004; 
Herker et al. 2004). This phenomenon has also been observed in the marine dinoflagellate 
Peridinium gatunense, whereby an excreted thiol protease from older cultures sensitizes 
younger cells to oxidative stress, and thus prohibits damaged cell populations from forming 
reproductive cysts and propagating unstable future populations (Vardi et,al. 2007). For the 
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unicellular green alga, Clamydomonas reinharditti, PCD appears to positively modulate the 
fitness of other cells, whereas death via nonprogrammed events results in the release of 
substances that negatively impact the population (Durand et al. 2011). Based on these 
observations, it has been proposed that alternative death modes may have played a role in the 
origin and maintenance of PCD, as well as the transition to multicellular life (Rao et al. 2006). 
A distinct set of biochemical and morphological characteristics that can be uniformly 
assigned to phytoplankton PCD have not been identified, although many instances have been 
documented where typical PCD characteristics have been observed. In addition to caspase 
activation, these include the inversion of phosphotidylserine in the outer leaflet of the plasma 
membrane and DNA fragmentation (Taylor et al. 2008). Studies to date on the aging process of 
the diatom Thalassiosira pseudonana, and the cyanobacterium, Trichodesmium erythraeum, 
also demonstrate a robust correlation between caspase activation and mortality (Berman-Frank 
et al. 2004; Bidle and Bender 2008). While caspase activities have been shown to be involved in 
phytoplankton death, their involvement in modulating the aging and death process in 
dinoflagellates has not received as much attention. In this light, the current study sought to 
evaluate K. brevis caspase activities during the chronological aging process as well as during 
culture demise. 
Caspase-Iike Activity is Induced During Chronological Aging in K. brevis 
In the study of chronologica I aging in K. brevis, we found that caspase activity against all 
five caspase substrates tested (caspase 1, 3/7, 6, 8, and 9) was induced at during stationary. 
Caspase activity has been previously documented in K. brevis (Bouchard and Purdie 2011); 
however in that study caspase activity spiked during an incubator failure in which the K. brevis 
cultures were subjected to 7°e drop over the course of one night, suggesting a stress and not an 
106 
aging associated activity. Although age associated caspase activity data was inconclusive, that 
study did demonstrate that K. brevis exhibited DNA fragmentation suggestive of PCD in late 
stage culture decline (Bouchard and Purdie 2011). In the current study, cell viability did not 
significantly change at any timepoint, so it is clear that the observed induction of caspase 
activity did not coincide with culture decline; rather, the peak in caspase activity coincided with 
a decline in photosynthetic efficiency as cells entered stationary phase. This suggests a role for 
stress acclimation during chronological aging, and therefore a possible role in the survival of 
cells during that phase. This observation is consistent with genomic and biochemical findings in 
the diatom T. pseudonana, in which caspase activity has been associated with stress acclimation 
processes (Thamatrakoln et al. 2011). However, in contrast to the T. pseudonana study, where 
only 76 upregulated transcripts (0.67% of the arrayed transcriptome) coincided with caspase 
activity, K. brevis caspase activity occurs when 30% of the arrayed transcriptome is being 
restructured (described in Chapter 2). Processes including energy acquisition, calcium signaling, 
stress response dynamics, and gene expression regulation were altered during the chronological 
aging process, while no significant changes in cell death transcripts were observed, further 
supporting the involvement of caspase-like enzymes in non-death roles during chronological 
aging in K. brevis. 
Caspase-like Activity Appears to Modulate ROS-induced PCD in K. brevis 
Characterizing cell death associated with chronological aging proved to be difficult in K. 
brevis, as the diversity in size, shape, and organellar structure was too great to conclude that K. 
brevis has a distinct set of morphological changes associated with PCD during natura I culture. 
The cell size and shape do appear to be skewed towards smaller, rounder cells, which were 
observed in the late stationary phase cultures in the Bouchard 2011 study of K. brevis. However, 
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like Amphidinium cartarae, in our study aging K. brevis cells did not stain positively for DNA 
fragmentation the TUNEL assay (Franklin and Berges 2004). It should be mentioned that 
extensive optimization of an Annexin V staining procedure to detect the externalization of 
phosphatidylserine was performed; however, the assay did not provide interpretable data. 
Thus, this mechanism remains unresolved, and requires careful consideration, as K. brevis is an 
unarmored dinoflagellate with fragile membranes whose compromised integrity during cell 
manipulation, which may interfere with proper Annexin V staining interpretations. 
After various methods were exhausted to reliably sample at the "point of no return" 
prior to culture demise during chronological aging, it became obvious that characterizing the 
involvement of caspase-like activities in cell death required a model that provided a shorter time 
interval to accurately describe the temporal changes directly downstream of caspase activation. 
Because accumulation of ROS is a natural stressor in phytoplankton aging, we selected H202 to 
induce cell death in a timeframe that would allow for live cell imaging techniques. In this model, 
caspase activity was demonstrated following the 80 JlM H202 exposure by both the hydrolysis of 
DEVD-AFC and the CeliEvent Caspase 3/7 detection marker. Live cell imaging with the CeliEvent 
marker proved to be an invaluable tool in classifying the subsequent morphological events as 
microscopic observations concluded that two distinct morphotypes were present. 
Morphological changes associated with cell death in the dinoflagellate Amphidinium cartarae 
spanned a broad range of phenotypes demonstrating that strict classification of cells in the 
metazoan PCD classification scheme does not appear to always accurately describe 
dinoflagellate morphology (Vardi et al. 1999; Franklin and Berges 2004). In the current study, K. 
brevis cells that were caspase and TUNEL positive demonstrated nuclear migration and swelling. 
In contrast, the other morphotype was caspase negative and underwent extensive cytoplasmic 
blebbing. The two morphotypes appeared to be mutually exclusive as cells that demonstrated 
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nuclear perturbations did not undergo cytoplasmic swelling and vice versa; however, both 
populations were ROS positive. Previous observations in Amphidinium described nonspecific 
organellar dissolution with negative TUNEL staining, cell shrinkage and extensive vacuolization 
during senescence and light deprivation (Franklin et al. 2006). As previously discussed, K. brevis 
did exhibit smaller cell sizes during aging, but in the ROS-induced death, where cells either 
remained the pre-treatment size or increased due to the cytoplasmic swelling. K. brevis and K. 
mikimotoi have previously been reported to stain TUNEL positive (Bouchard and Purdie 2011), 
but in that study it was unclear if this was a hallmark of death or temporary cyst formation, as 
the death process was not monitored as it was in the present study. In terms of the aging cells 
in our study, DNA fragmentation was not associated with the small cells that resembled the 
morphotype described in Bouchard et ai, therefore it is difficult to say with certainty that aging 
K. brevis was undergoing the same physiological and biochemical events as previously described. 
Metazoan necrosis is characterized by cellular swelling, therefore is likely that the second 
morphotype described in this study is necrosis-like, as it was TUNEL and caspase negative. 
However, the swelling in a subset of this morphotype did appear to bleb off apoptotic-like 
bodies, leaving the remaining cell to survive for a significantly longer length of time than those 
that died with the first, caspase positive, morphological characteristics. 
Increased immunoreactivity to human caspase antibodies during aging and dark 
treatment in D. virdis, raised the question of whether K. brevis DEVDase activity is correlated 
with caspase 3-like protein abundance (ref). To test this, a human caspase 3 antibody was used 
to probe K. brevis whole cell Iysates during ROS-induced PCD. Three immunoreactive bands 
were detected, all of which were significantly induced after the 10 minute treatment with 80 
f.lM H202. BLAST analysis of the active caspase 3-antibody epitope against the K. brevis proteome 
did not yield any matches and sequence alignment of the caspase 3 antibody epitope with the 
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four K. brevis metacaspases further demonstrated that the immunoreactive bands are not 
indicative of metacaspase expression. Blocking experiments with the recombinant caspase 3 
enzyme did indicate that the K. brevis immunoreactive bands are specific to the caspase epitope 
suggesting that K. brevis may contain caspase 3-like proteins that are not represented in the 
sequence library. Although the identity of the bands remains unknown, the induction of caspase 
3-like bands strongly correlates with the induction of DEVDase activity. 
The antioxidant systems in phytoplankton appear to be conserved and are used to 
combat cellular ROS in similar ways to higher metazoans. Superoxide dismutase (SOD) in 
particular is among the primary line of defense, and is often used as an indicator of cellular ROS 
levels. The SODs make up a diverse family of metalloproteases and are classified by the metals 
present in their active sites. MnSOD protein abundance has been previously been investigated 
in the marine diatom, T. pseudonana during iron starvation, and demonstrated a significant 
increase in immunoreactivity which is diagnostic of a subcellular response to ROS (Bidle and 
Bender 2008). This induction was concomitant with an induction in metacaspase protein 
abundance and a drop in photosynthetic efficiency. K. brevis MnSOD protein abundance has 
previously been queried during various stress response regimes, and shown to be induced 
during 60 J.lM H202 treatment after 1 h (Miller-Morey and Van Dolah 2004). We did not see a 
similar induction of MnSOD during H202 stress in the current model. Unlike the caspase family 
that is controlled on a post-translational level, changes in MnSOD are result from increased 
translation that we would not expect to observe in the short 10 minute exposure used here. 
Distinct staining of ROS positive cells after H202 treatment, using the in situ H2-DCFDA ROS stain 
(Invitrogen), however, clearly demonstrated that K. brevis did respond to elevated ROS in this 
experimental design. This along with the dramatic decrease in photosynthetic efficiency from 
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0.562 to 0.230 suggests that similar physiological events and subsequent PCD pathway 
execution occurred compared to other studies (Vardi et al. 1999; Segovia and Berges 2009). 
Together these results indicate that K. brevis exhibits morphological and biochemical 
evidence that a PCD-like pathway is induced during ROS-driven cell death. This study, to our 
knowledge, represents the first report characterizing the direct connection between caspase-
like activity and subsequent PCD-like morphological changes in a dinoflagellate. 
What Enzymes are Responsible for Caspase-like Activity in K. brevis? 
To further understand the processes of aging and death, we next sought to identify 
what enzymes are responsible for caspase-like activity observed. Metacaspases have received 
much attention over the last decade as the putative enzymes responsible for the caspase-like 
activities demonstrated across these groups of organisms. Striking correlative evidence in 
various unicellular organisms, including a number of phytoplankton species, has shown the 
induction of metacaspases at the transcript and/or protein level concomitant with caspase 
activity, leading to the long standing supposition that metacaspases may cleave caspase 
substrates (reviewed inTsiatsiani et al. 2011). However, in the past few years in vitro 
biochemical analyses of metacaspases have demonstrated that their catalytic pocket specificity 
coordinates cleavage after arginine and lysine residues, rather than aspartic acid. Using in silico 
EST searches and sequence alignments, we have identified that K. brevis does in fact contain 
seven putative metacaspases of which five contain the peptidase_C14 catalytic domain. 
Sequence alignments with other known metacaspases defined that the K. brevis metacaspase 
catalytic pocket contains the stabilizing aspartic acid residue that has previously been shown to 
coordinate cleavage of basic residues. This provides strong evidence that metacaspases are not 
capable of being responsible for the assayed caspase activity in K. brevis. Similarly, several 
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sequences annotated by top blast hits as peptidase_C14 caspase catalytic p20 subunit 
containing proteins, with high homology to T. erythraeum metacaspases were initially 
promising; however, COG analysis and COD search (NCBI) identified that a conserved caspase 
domain was not present in any of the K. brevis sequences with catalytic pocket chemistry able to 
coordinate cleavage after aspartic acid residues. 
Once plant metacaspases were biochemically demonstrated to contain Arg/Lys 
specificities, studies aimed at identifying the enzymes responsible caspase activity associated 
with PCD yielded three major candidates, now known to contain caspase specific activities: 
vacuolar processing enzyme, proteasome subunit PB1, and subtilisins (Sanmartin et al. 2005; 
Watanabe and Lam 2005; Bonneau et al. 2008). Vacuolar processing enzymes (VPE), which are 
cysteine proteinases involved in the maturation of vacuolar proteins, have been shown to 
contain caspase-1-like activity (YVAD) and mediate PCD in plants. VPEs are present in the 
legumain family and are members of the clan CD cysteine proteases with YVADase activity 
(Kuroyanagi et al. 2002). In the current study, YVADase activity demonstrated a similar pattern 
of induction in K. brevis to that of the other substrates, with peak activity occurring on day 14 
(data not shown), making this protein class a candidate for caspase -like activity. Subtilisins, 
serine proteases with caspase-like cleavage, have also been identified in plants and have been 
termed saspases. Saspase involvement in caspase activities was first described in a study in 
which RUBISCO proteolysis was indirectly inhibited during victorin-induced PCD by caspase 
inhibitors (Coffeen and Wolpert 2004). Further biochemical analysis of this enzyme determined 
its specificity for VKMD, VEHD, and VNLD activity, although it lacked catalytic potential against 
other known caspase 6 substrates including VElD (Coffeen and Wolpert 2004). In the current 
study, two subtilisins from the peptidase_58 protein domain family were identified with the 
conserved Asp/HisjSer catalytic position making them good candidates for caspase-like activity 
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in K. brevis. Additional subtilisin-like sequences were identified in the cDNA library through 
annotation descriptions; however, they were not included in this analysis since the conserved 
domain or catalytic sites were not present due to incomplete sequences. Lastly, proteasome 
subunit PBl has been shown to exhibit DEVDase activity during vacuolar/membrane fusion 
events during the hypersensitive response against infection in plants (Hatsugai et al. 2004). No 
homologs of proteasome subunit PBl in K. brevis, although other constituents of the 
proteasome pathway has been identified, suggesting that either K. brevis does not contain a 
highly homologous member or that is it not present in the current EST library. Given its 
enormous genome size, deeper sequencing of K. brevis may be helpful in identifying PBI 
homologs. 
The identification of subtilisin/VPE-like enzymes in the transcriptome provides a 
foundation from which to structurally and functionally define the enzymes responsible for 
caspase activity in K. brevis. Furthermore, identification of immunoreactive bands towards the 
caspase 3 antibody and verification of the protein's involvement in carrying out the assayed 
DEVDase activity is of utmost concern. Until now, discussions focusing on the putative 
involvement of metacaspases in phytoplankton caspase-like activity have minimized the 
understanding of the breadth of enzymes that may be driving this activity. While functional 
studies are limited in dinoflagellates, given that a gene knockdown system has not yet been 
established, structural and biochemical analyses may define these alternative candidate 
enzymes as capable of cleaving the assayed substrates. 
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Identification of Caspase Substrates in K. brevis Connects Caspase Activities with Aging and 
Death Processes 
In addition to a lack of understanding of what enzymes are responsible for caspase 
activation in phytoplankton, few studies have defined the targets of this activity. The 
combinatorial approach taken in the current study defined a core set of target sequences with 
DEVD, LEHD, VElD, WEHD, and IETD sequence motifs, and used predicted structural data to 
confirm the caspase substrate predictions. While previous studies have defined putative target 
substrates by sequence context (P4 - P1L the results from this study highlight the potential false 
positive rate if sequence context (P8 - P8') and secondary structure are not considered. It is 
important to note that the approach taken in this study limited the identification of caspase 
substrates to those activities assayed, therefore suggesting that the number of putative caspase 
substrates, including other known canonical as well as non-canonical specifities, in the K. brevis 
proteome is projected to be greater than described here. 
Computational prediction of caspase substrates in the K. brevis transcriptome, using a 
combination of Pripper and CasCleave programs, yielded a total of 31 target sequences with 
BLASTx E-values < 10-4, of which approximately 65% contained the DEVD motif. Comparisons of 
the identified list of substrates with the CASBAH database demonstrated that five of the K. 
brevis substrates have been previously shown to be caspase substrates in metazoans, suggesting 
a similar downstream functional response in dinoflagellates. Included in this list were members 
of the ubiquitin/proteasome degradation pathway as well as a polyadenylation factor complex 
subunit, suggesting that caspase activity in K. brevis may be involved in the disruption of 
proteasomal degradation of ubiquitinated proteins and mRNA maturation. An EF-handed Ca 2+ 
calmodulin-dependent protein kinase was also identified in K. brevis with DEVD sequence 
context. This family of proteins has been previously shown to regulate plant early defense 
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signal transduction (Blumwald et al. 1998). ScDSP, a death specific protein with a Ca 2+ EF hand 
domain in the diatom Skeletonema costatum, has been implicated in regulating death, and thus 
is an interesting protein to direct future studies in defining the connection of this family of 
proteins with death in dinoflagellates (Chung et al. 2005; Chung et al. 2008). Furthermore, Ca 2+ 
DSP's have been identified to be targeted to the chloroplast and facilitate cyclic electron flow 
around photosystem I, and appear to regulate the levels of important photosystem proteins in 
T. pseudonana (Thamatrakoln et al. in review PLoS Biology). Transcripts for calcium binding, 
transport, and signaling are statistically enriched among those changing in expression at the 
transition to and maintenance of stationary phase in K. brevis (Johnson et al. 2012). Together, 
the role of calcium homeostasis appears to be important to the aging process in K. brevis, and is 
an area that deserves further attention. While this bioinformatic analysis demonstrated that K. 
brevis contains previously known caspase target substrates, it also identified novel substrates 
previously undefined in any system to date. Interestingly, an autophagy-like protein with 
caspase 8 cleavage specificity was identified, lending new insights into the connection between 
death programs in a dinoflagellate. Autophagy, the death process involving the lysosomal 
degradation of cellular components, has not been previously linked with phytoplankton bloom 
demise; however, further work characterizing the connection between caspase activity and 
autophagic-like death processes appears to be a worthwhile area to investigate in relation to 
aging and cell death in dinoflagellates. Overall, our analysis identified transcripts from a 
diverse group of processes, many of which revealed previously unknown connections to caspase 
activities. Since signaling proteases can act by releasing positive regulators or by degrading 
negative regulators, the exact role of these substrates in the aging process needs to be 
examined; however, this systematic computational screening analysis has provided insight into 
the substrate specificities for dinoflagellate caspase activities and has allowed us to further 
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characterize one of the identified substrates in vitro to determine if it is capable of being 
cleaved at the proper DEVD recognition motif by human caspase 3. 
MALDI-TOF Mass Spectrometry Analysis of Cleavage of K. brevis S-adenosylmethionine 
Synthetase (KbAdoMetS) at the DEVD Recognition Motif 
One of the most intriguing findings from the bioinformatic caspase substrate screen was 
the identification of an S-adenosylmethionine synthetase {AdoMetSL as it has been shown to 
have a central role in transmethylation and polyamine biosynthesis in dinoflagellates. AdoMetS 
is a highly conserved enzyme that specifically catalyzes the formation of S-adenosylmethionine 
(SAM) from L-methionine and ATP, which is an important biochemical intermediate that serves 
as the precursor to a large number of bioactive compounds across all kingdoms. AdoMet's 
involvement in such a diverse set of biological processes in founded in its ability to transfer a 
methyl group to a diverse set of biological substrates through the aid of a broad family of methyl 
transferases. Since AdoMet is the primary methyl donor, AdoMet is thus the primary cofactor 
for methylation of DNA, RNA, proteins, phospholipids, as well as other small molecules such as 
steroids. In addition to this, a nucleophilic attack at the 3-amine-3-carboxy propyl portion, 
rather than at the sulfur bond of ribose, leads to the precursor for polyamine biosynthesis. 
Polyamine precursors, formed from the decarboxylated AdoMet precursor, are used in the 
biosynthesis of ubiquitously important molecules such as spermidine and spermine. 
Spermidine, a polyamine involved in cellular metabolism has been shown to affect the aging 
process in higher metazoans through the induction of autophagy (Eisenberg et al. 2009), while 
its metabolite spermine also has a key role in DNA synthesis and gene expression. Polyamines 
playa major role in cell migration, proliferation, and differentiation, and may playa key role in 
the rapid growth and development of algal blooms (Chan et al. 2002). Ethylene, another 
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classical metabolite of AdoMet in plants, plays a role in ripening, senescence, and response to 
stress. The pathways that AdoMet fuels are extraordinarily diverse. In the toxic dinoflagellate, 
Alexandrium spp., AdoMet serves as a precursor to saxitoxin biosynthesis (Gupta et al. 1989; 
Shimizu 1996). Brevetoxin biosynthesis and that of similar polyether ladder toxins, also relies on 
methyl donor activity for the pendant methyl groups from both S-adensylmethionine and 
acetate methyl (Kellmann et al. 2010). Dinoflagellates encode an unusual S-adenosylmethionine 
synthetase gene that produces a fully functional AdoMetS that contains several extra loops 
located closely to the methionine binding site (Ho et al. 2007). The AdoMetS identified in the K. 
brevis bioinformatics screen contained the AdoMetS domain (KOG: S-adenosylmethionine 
synthetase, e-value -1 e_ll1) contains the same additional dinoflagellate loops, as well as the 
conserved methionine binding site (GHPDK), the active signature hexapeptide (GAGDQG) for 
ATP binding, and the nonapeptide (GGGAFSGKD) which forms the P loop for phosphate binding 
(Ho et al. 2007). The K. brevis AdoMetS ranked in the top 25% range for the CasCleave 
probability score, suggesting its strong likeliness as a true caspase 3 substrate. The DEVD motif 
was identified in the extreme C-terminal end of KbAdoMetS, and at first glance this may suggest 
that it could be classified as a bystander substrate (Crawford and Wells 2011); however, studies 
characterizing rat AdoMetS localization concludes that the C-terminal end is important in its 
nuclear/cytoplasmic localization, and thus cleavage of this are may affect compartment specific 
activities (Reytor et al. 2009). To evaluate the ability of KbAdoMetS to be cleaved at the 
identified DEVD cleavage site, a 22 amino acid peptide was designed around the cleavage site, 
resulting in a 2431 m/z peptide with proposed cleavage product masses at 1300 and 1148 m/z. 
The KbAdoMetS peptide was incubated with recombinant caspase 3, and cleavage of the 
peptide produced the proposed cleavage products. In addition to this, the signal was drastically 
dampened when the pan caspase inhibitor zVAD-fmk, further demonstrating that KbAdoMetS is 
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capable of being cleaved at the proposed DEVD caspase 3 cleavage motif by caspase 3. Further 
evaluation of the ability of K. brevis ceillysates extracted after 10 minutes of 80 11M H202 
treatment to cleave the KbAdoMetS peptide was attempted in the same manner as the 
recombinant caspase 3 experiment. Mass spectrometry analysis of the cleavage of KbAdoMetS 
by K. brevis undergoing ROS-induced PCD did not result in a significant increase in the proposed 
cleavage products compared to control samples. However, the results were unclear as samples 
did contain high enough concentrations of caspase-like enzymes to result in enough cleavage 
product for detection. Efforts to concentrate the caspase-like enzymes in the K. brevis Iysates by 
immunoprecipitation were carried out, although they did not recover enough protein to 
effectively boost the signal to the recombinant signal level. Future efforts to capture caspase-
like enzymes using a zVAD-biotinyalated approach may be used to effectively boost signal for 
analysis (Bidle, personal communication). In summary, the bioinformatic screen identified a 
number of putative substrates for the caspase-like activity observed in K. brevis, some of which 
are known caspase substrates, and some of which are novel. This study confirmed that 
KbAdoMetS caspase cleavage site is biochemically appropriate for caspase catalytic pocket 
recognition and cleavage, suggesting that cleavage of KbAdoMetS may be an important protein 
to direct future studies to understand the biological consequence of its cleavage during PCD. 
CONCLUSIONS 
While caspase activity has mostly been correlated with cell death processes in 
phytoplankton, it appears that K. brevis may utilize this specific enzyme capacity to modulate 
the aging process during stationary phase growth as well as during ROS-induced cell death. The 
K. brevis transcriptome does not appear to include any bona fide caspases; however, K. brevis 
does show immunoreactivity with a human caspase 3 antibody at three distinct bands, all of 
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which are dramatically induced during ROS treatment. Based on the bioinformatic findings, the 
only candidates for this activity are the subtilisin-like enzymes, which have been observed to 
have caspase-like activity in plants. The metacaspases, long proposed to be responsible for this 
activity, in phytoplankton do not appear to be. Concominant with caspase activity during ROS 
treatment, DNA fragmentation by TUNEL assay was identified, suggesting that K. brevis executes 
a PCD-like process. This study further explored the K. brevis proteome for caspase substrates, 
revealing both previously known as well as novel substrates. To test the accuracy of this 
bioinformatic screen, one novel predicted substrate, KbAdoMetS, was confirmed to be a 
caspase 3 substrate by mass spectrometry analysis; however, further studies are needed to 
confirm the activity in K. brevis. Future studies directed towards understanding the role of 
caspase activity in the aging process and the persistence of K. brevis in the coastal environment 
during bloom events as well as during bloom termination may provide key clues to 
understanding bloom dynamics in field populations. 
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Table 1. K. b,..vis EST sequences pot.ntiany responsible for cIIsp.se laivity durin, t;hronofoticall,inc. 
Protein ID Top BLAST Hit OoescriptKtn • 
MGI02041795 meta<aspl.se CII.SA (Asp#rgilJus fumigorus) 
MGI020S5388 metKaspasel prKUrsOf [Toxoplasma gondii ME49] 
MGI02~78 menaspue CISA [MftlJrhililim a"fs~pHa. ARSEF 23] 
MGI01OS0273 metKasplH [ChJorobium dllorochromatii ClI03] 
MGID2027748 mencaspl.$lt-l [5chizosoccharomycesjaponicus yfS2751 
MGID20633S2 metaosplSe 1 precursor [To.ll'Oplasmo gondii ME49] 
MGID2073387 metacasplH [Ertocarpus siliculosus] 
Protein ID Top BlAST Hit Oescription
cl 
MGID2024084 peptidase C14, nspue catalytic subunit p20 [M,myJoboct.rium ncdulons ORS 2060] 
MGIDOl07031 peptidase C 14, cispase catalytic subunit p20 [Tric""d~smium trrythra,um IMSlOII 
MGIOO107600 peptidue C14, caspue catalytic subunit p20 [Trichodlrsmium .ryrhra,um IMSIOli 
MGI0196746i IMptidase C14, aspult catalytic subunit p20 [Trichod,smium ,rythra#um IMSI01l 
MGID2022866 peptidase (14, ,asplH atalytic subunit p20 [Trichodnmjum ,ryrhraltum IMSI011 
MGID20463S6 peptidl5e (14, ospue ,atalytic subunit p20 [TrichOiHsmium ,ryrhraltum IMSlOl) 
MGID2049920 IMPtidue Cl4, aspa,. catalytic subunit p20 [TrichOlHsmium .ryrhra,um IMU01] 
MGID2052384 IMptidlse C14, USpl,. ,a,alytic subunit p20 (Trkhod,smium ftrythra,um IMSIOI] 
MGI02073823 peptidase (14, casplSe Cltalytic subunit p20 {TrichoIHslTlJum .rythra#um IMS10l) 
MGI020744SS peptidlse C14, osplSe ,atalytit: subunit p20 (Trichodltl'lTlium ,ryrhraltum IMSlOl) 
MGIOl078979 peptidase C14, CISplS. catalytic subunit p20 [TrichCtd1rsmium .rythm#um IMUOI) 
Protein ID Top BLAST Hit o.scription· 
MGI02028S49 IMPtidue SI s~tilisin [Sh.wan.tta wnitrjficr,ms OS2171 
MGI01977692 peptidase, SSA (subtilisin) subhmily [Sr~ptomyclPs g,iuC!t4VUS Tu4000] 
.. Metaaspase sequences. 
It. Clltalytic histidine (underlined) sequ.nce contnt for metaaspnes. 
BlASTx 
Ev .. 1ue 
8l.ASl Accession Conserved Domain 
9.00E-48 BOXFP].2 Pt.m00656 ~idas._Cl4 
2.ooE-80 XP _0023&783CU Pfam00656 Peptidase_Cl4 
3.ooE-Ja EFY99 590. 1 Phm006S6 Pepti~se_C14 
1.00E-08 yP _37919"9.1 PfIImCJ0656 Pepti~s._C14 
7.00£-17 XP _002171430.1 Pfam00656 Peptidue_C14 
8.ooE-11 XP _0023-67830.1 
7.00£~11 CBN76943.1 PfamOOl68, CZ Domain 
"-m ~ 
H9S Cf/YSG!!Glt. Ewfue Position 
5 .. 41E-23 162-423 YSG.!iG 
LllE-40 105-351 FSG!iG 
7.62E-25 121-247 FSG!!G 




BLAST. ItAST Accession (onHfYfif Dom:ain (E "lueJ 
4.00E-!o YP _002497153.1 cdOO189, TPR Motlt (5o.OlE-14) 
6.00E-17 YP _721570.1 COO 1413, FOG: HEAT Repat (3.21E-04) 





















COG1413, FOG: HEAT Rep.eat (1.09E-I0), COG5116, l6S Proteo$Oft1.1 Recul.tor,. Domain ''.O&E-06) 
COG141J, FOO: HEAT Rep •• t (2.24E-06) 
c001413, FOG: HEAT R.pe.t (6.3£..041. C005218, l("GI (4.1E-OSl 
pt.nOl60Z, .,I,6lIptin Domain (9.72E.o3~, (001413, FOG: HEAT Rep .. t (Z-1.2[-011 
~dOOO20, ARM (7.2ft..04J. (061413, FOG: Hat R.pe~, 43.03£-07J. P'RKQ9n7, pt.J~tN.lyas. (3.56-E.os~ 
COO14U, FOG: HEAT ltegeat {4.SSIE..(6) 
""m Dom.m BLASTx IlAST ~cess;ion (onsenHtd C)oofMin E ~.IJO~
£Q~ 
4.ooE-71 yP _563810.1 P~ P_idue_SS S.9S&55 191-431 
2.00E-22 ZP _07313175.1 PfJmOlJ08.Z ';qItidase_S8 4.65e-u 173-251 
AJpfHis/Se:r C .... 1ytic PoMlon f 
111/!S9/414 
IH/Z41l-= 
Co Catlllytk cyst.ine (underlined) s~uence context for metlcaspaHs. cMmonstr.tinc alternative poetet chemistry (asp_rtic acid residue - bokIed). 
¢. Peptidase C14, aspase catalytic subunit p20 contllininr sequences . 
•. Subitilisin/vaculollr ~ptidll.5e enzyme sequ.nces. 
f'Sequence positions of the three subtilisin QUtvtic residues (x constitutes re.,idue number uninown). 
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Table 2. K. brevis proteins containing DEVD, IETD, VElD, LEHD, and WEHD caspase cleavage sites annotated with BLASTx e values < 10-4. 
P4,P3,P2.Pl BLASTx 



































































































sperm-specific sodium proton exchanger [Strongylocentrotus purpuratus 1 NP _o01091927 4.06E-09 157 0.949 S 
light polypeptide [Xenopus loevis 1 NP _001086688 1. 83E-08 77 1.231 S 
ubiquitin domain-containing protein [Dictyostelium discoideum AX4] XP _643687 9. 16E-09 80 1.218 0 1863 1 e-08 Ubiquitin carboxyl-terminal hydrolase 
f-box and leucine-rich repeat protein 2 [Mus musculus] BAC32036 1.10E-39 50 1.034 R 4341 3 e-40 F-box protein containing LRR 
abc transporter related [Lentisphaera araneosa HTCC2155] ZP _01874597 7.33E-37 151 1.]24 S 
amp-binding enzyme family expressed [RicJnus communis] ABC02882 1. 16E-11 80 1.096 I 1256 1 e-12 Long-chain acyl-CoA synthetases (AMP-forming) 
kifl binding protein [Xenopus (Silurana) tropicalis 1 NP _o01072796 1.99E-17 62 1.069 S 
dna (cytosine-5-)-methyltransferase 8 [Physcomitrella patens subsp. patens 1 XP _001761999 2.35E-20 39 1.331 S 
choline-sulfatase [Karenia brevis] ABV49389 3. 18E-117 49 1.047 S 
26s proteasome regulatory atpase subunit [Phaeodactylum tricornutum CCAP 1055/1] XP _002185707 0 278 1.255 0 0729 0 26S proteasome regulatory complex, ATPase RPTl 
cysteine protease 1 [Noctiluca scintillans] ABV22332 9.49E-117 369 1.364 0 0284 3 e-76 Polyadenylation factor I complex, subunit PFS2 
cobalamin synthesis protein p47k [Micro monas sp. RCC299] AC060866 1. 17E-33 129 1.000 H 2743 1 e·20 Cobalamin synthesis protein 
calcium-dependent protein [Toxoplasma gondiJ GTlj EEE19066 1. 96E-73 501 1.125 T 0032 3 e-57 Ca2+/calmodulin-dependent protein kinase, EF-Hand protein superfamily 
protein [Ostreococcus lucimarinus CCE9901) XP _001417798 7.31E-15 127 0.916 S 
glutamic acid reigh protein [Micromonas 5p. RCC299] AC061940 1.02E-06 459 1.358 5 
loc733353 protein [Ostreococcus tauri] CAL57510 4.90£-16 204 1.050 BT 2132 5 e-13 Un characterized conserved protein, contains JmjC domain 
methionine s-adenosyl transferase [Asterionella glaeiatis) BAH30216 3.48E-175 483 1.112 H 1506 1 e -111 S-adenosylmethionine synthetase 
inosine-5 -monophosphate [Toxoplasma gondi; GTl] EEE26779 1.20E-131 459 0.136 F 2550 1 e-119 IMP dehydrogenase/GMP reductase 
preprotein translocase subunit [Amoebophilus asiaticus 5a2] YP _001958210 1. 27E-06 183 1.187 S 
zinc-binding dehydrogenase family [Bacillus coahuilensis m4·4] ZP _03225209 1.49E·55 40 1.238 R 1196 7 e-53 Predicted NAD-dependent oxidoreductase 
ylr3872x c2h21ike zinc fingers globular domain [Cryptosporidium hominis TU5021 XP 665524 3.07E-16 92 1.190 S 
predicted protein [Nematostella vectensis] XP _001639387 9.04E-07 221 0.596 S 
tma-splicing endonuclease positive effector [Ostreococeus tauri] CAL56344 2.01E-43 44 0.179 A 1802 5 e-36 RNA helicase nonsense mRNA reducing factor (pNORF1) 
family methyltransferase [Solfbacter usitatus 6076] YP _821940 7.94E-12 70 0.028 S 
a<:026758_ 4 proline oxidase [Physcomitrefla patens subsp. patens] XP _001757226 5. 67E-05 230 0.191 S 
ankyrin unc44 [Aspergillus aryzae RIB40) XP _001824279 1.37E-23 104 0.483 S 
RUBISCO large subunit n- chloroplast precursor [Ostreacoccus luc/marinus CCE9901] XP _001421544 1.09E-05 403 0.057 R 1337 2 e-03 N-methyltransferase 
PREDICTED: hypothetical protein [Mus musculus) XP 001478231 1.84E-16 227 0.915 5 
upf0326 protein fam152a [Caligus rogercresseyi] AC011290 1.67E-09 20 1.030 5 0324 2 e-l0 Uncharacterized conserved protein 
glycoprotein 96-92 [Leishmania infantum 1 XP _o01470263 3.52E-04 214 0.215 5 
c-5 cytosine-specific dna methylase [Micromonas sp. RCC299j AC061S13 6.SSE-19 152 0.764 S 
protein [Trypanosoma brucei TREU927] XP _823237 2.20E-22 53 0.479 R 4197 7 e-19 FOG: PPR repeat 
chromosome 14 open reading frame 166b [Monodelphis domestica 1 XP _o01374437 2. 51E-04 184 0.997 S 
protein [Micromonas sp. RCC299] AC062381 8.32E-28 362 0.893 5 
keratin associated protein 4-Jike [Mus musculus] NP _001119792 7.06E-04 149 1.195 S 
cog3781: membrane protein [Ostreococcus taufij CAL52384 1.30E-17 166 0.207 S 
hypothetica I protein BF1421 [Bacteroides fragilis YCH46] YP _098706 9.79E-37 159 0.772 S 
intrafiagellartransport particle protein ift140 [Chlamydomonas reinhardtii) XP _001696098 2.87E·32 16 0.297 R 3617 2 e·29 Lysosomal-associated membrane protein 
predicted protein [Coprinopsis cinerea okayoma 7#130] XP 001839218 2.19E-04 39 0.911 S 
eJegans protein partially confirmed by transcript evidence [Usti/aga maydis 521] XP _761160 1.21E-07 139 0.575 0 2277 1 e-07 S-M checkpoint control protein ClOl and related nucleotidyltransferases 
sperm-associated cation channel 2 isoform 2 [Macum mulatto 1 XP _o01108392 7.92E-13 79 0.299 PT 2301 3 e-13 Voltage-gated Ca2+ channels, alphal subunits 
autophagy 5-like [Vitis vinifera] XP _002276604 1.70E-20 20 0.641 0 2976 2 e-18 Protein involved in autophagy and nutrient starvation 
isoamyl acetate-hydrolyzing esterase [Vitis vinifera] XP _002282452 1.76E-17 S9 0.265 I 3035 8 e-12 Isoamyl acetate-hydrolyzing esterase 
hypothetical protein SACE_5139 [Sacchoropolyspara erythraea NRRL 2338] YP _001107309 2. 27E-06 63 0.227 S 
'"Bolded protein 10 numbers indicates the protein was identified as containing caspase cleavage sites by both Pripper and CasCleave analyses. 
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Figure 1. Growth, photosynthetic efficiency, and viability during chronological aging. 
(A) Cell abundance for each biological replicate (.) and average growth rate (x) at each 
timepoint. Error bars represent the standard deviation of the biological replicates (n=3); x-axis, 
time (days); left y-axis, cell concentration (cells mL-1); right y-axis, growth rate (d-1). (8) 
Photosynthetic efficiency of photosystem II for each biological replicate plotted represents the 
average of three technical replicates, and error bars reflects the standard deviation of the 
replicates (n=3). (C) Mean cell viability (% Sytox-negative) measured across time (error bars 
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Figure 2. Caspase activity during chronological aging. 
(A-E) Caspase specific activity, expressed as pcmol AFC cleaved/mg protein/hr, over a growth 
curve. Individual biological replicates plotted represent an average of three technical assay 
replicates (technical error bars are smaller than symbols). The distribution in caspase activity 
was tested over time, and demonstrated a significant change over the growth curve (p < 0.05). 
(A) Ac-DEVD activity (Kruskal Wallis, p = 0.0065), (B) Ac-LEHD activity (Kruskal Wallis, p = 
0.0104), (C) Ac-VEID activity (Kruskal Wallis, p = 0.0127), (D) Ac-WEHD activity (Kruskal Wallis, p 
= 0.0165), (E) Ac-IETD activity (Kruskal Wallis, p = 0.1404). (F) Spearman's Rho Correlation of 
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Figure 4. Caspase 3/7-like activity during ROS-induced cell death. 
(A) Caspase 3/7 biochemical cleavage assay (DEVD activity). Caspase activity, expressed as 
pcmol of AFC cleaved/mg protein/hr, in control and 80 [1]M H202 treated cells. Individual 
replicates (n=3) represent an average of three technical replicates. The mean caspase 
activity values were compared using the Student's t-test as both treatment values 
demonstrated a normal distribution and equal variances, and were found to be significantly 
different from each other (P < 0.0001), with a 9.S-fold induction of caspase activity in 
treated cells. (B) In situ visualization of caspase 3/7-like activity during ROS-induced cell 
death. K. brevis cells (1 x 106) were incubated with the CeliEvent Caspase 3/7 Green 
Detection reagent (final concentration, SJlM) and propidium iodide (final concentration, 
IJlg/mL) after treatment with 80 JlM H202 (right) or vehicle control (left). Caspase positive 
cells were visualized with a FITe filter, and fluoresced bright green, while caspase positive 
cells only demonstrated chloroplast autoflourescence (red). PI positive cells (dead cells) 
were not included in any analyses. Magnification: 60X. (C) Quantification of in situ 
CeliEvent Caspase 3/7 positive K. brevis cells during ROS-induced cell death. The percentage 
of caspase positive cells were quantified (error bars represent the average of three 
biological replicates, in which an average of three slides per replicate, with a minimum of 
200 cells were counted per slide), and demonstrated a significant increase in caspase 3/7 
activity in the 80 J..lM H202 treated cells compared to control (Welch's t-test, p < 0.0001). 
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Figure 5. K. brevis appears to die with two distinct sets of morphological changes during 
ROS-induced cell death. 
(A) K. brevis cells appear to either maintain cell shape and size, with nuclear migration and 
swelling (left representative cell), or undergoes dramatic blebbing (right representative 
cell). (8) Caspase activity only appears to be present in the former mode of death, 
whereas blebbing cells did not demonstrate caspase activation. Both cells were PI 





and swelling 100 pm 
137 
Figure 6. K. brevis exhibits DNA damage during ROS-induced cell death. 
Following treatment (untreated or 80 J.lM H202), K. brevis cells were fixed and immunostained 
with anti-BrdU antibody to observe the extent of DNA damage. (A) Representative positive cell 
demonstrating DNA damage in the nucleus, as well as in the chloroplasts. (8) The percentage of 
TUNEL positive cells were qualified (boxplot represents the median for four biological replicates, 
in which an average of three slides per replicate, with a minimum of 200 cells/slide were 
counted) and when compared between treatments (Student's t-test, p < 0.0001) demonstrated 
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Figure 7. K. brevis cell extracts cross-react with a polyclonal antibody raised against the active 
form of human caspase 3. 
K. brevis whole cell extracts during mid-logarithmic (lane 3), the transition to stationary phase 
(lane 4), and late stationary phase (lane 5) reveals immunohybridization of distinct proteins to a 
polyclonal antibody raised against the recombinant active human caspase 3. 5X peptide block 
with recombinant caspase 3 of extracts from the transition to stationary phase resulted in >50% 
loss of signal when probed with the caspase 3 antibody (lane 6 - unblocked, lane 7 - blocked), 
but immunoreactivity of K. brevis extracts to KbMC1 antibody (lane 8) was not affected by 
caspase 3 peptide incubation (lane 9). Recombinant active caspase 3 protein probed with the 
caspase 3 antibody served as a positive control (lane 2). 
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Figure 8. Caspase 3-like proteins in K. brevis are elevated, while KbMCl decreases, during 
H202-treatment 
Western blot analysis of K. brevis extracts during control and H20r treatment for KbMC1 (A), Mn 
Superoxide Dismutase (MnSOD) (8), and human caspase 3 (C-E) antibodies. Boxplots represent 
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Figure 9. Substrate cleavage sites for the P8-P8' position by amino acid class. 
The average amino acid class occurrences in the P8-P8' positions were calculated for (A) all 
substrates combined (n = 31 substrates total), {B} DEVD only (n = 20 substrates), (C) VElD only 
{n = 7 substrates}. 
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Figure 10. Substrate cleavage sites for the P8-P8' position by individual amino acid. The 
average amino acid occurrences in the P8-P8' positions were calculated for (A) all substrates 
combined (n = 31 substrates total), (B) DEVD only (n = 20 substrates), (C) VElD only (n = 7 
substrates). 
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Figure 11. Cleavage of KbAdoMetS by Recombinant Human Caspase 3 
KbAdoMetS peptide (22 amino acids) contains an acetylated N-terminus and an amidated C-
terminus for prevention of peptide degradation by exopeptidases. Cleavage of KbAdoMetS at 
the indicated DEVD cleavage site should result in a 1300 m/z N-terminal fragment and an 1148 
m/z C-terminal fragment (A). Spectra for the full length (red - 2430 m/z), N-terminus fragment 
(green - 1300 m/z), and C-terminus (orange -1148 m/z) products are shown for caspase 3 
enzyme alone, caspase 3 + peptide, and caspase 3 + peptide + inhibitor, peptide alone, and 
inhibitor alone (8). Percent of total signal for the full-length product, N-terminal fragment, and 


































Caspase 3 + 
Peptide 
2430.02 mz 










D C:}spase 3 + Peptide 
Caspase 3 + Peptide + Inhibitor 
1148.57 mz 
CHAPTER 4 
IDENTIFICATION AND CHARACTERIZATION OF K. BREVIS METACASPASE 1 (KbMC1) DURING 
CHRONOLOGICAL AGING AND PROGRAMMED CELL DEATH 
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INTRODUCTION 
The caspase enzyme family, most notably known for their role in executing programmed 
cell death (PCDL is a highly regulated set of enzymes that coordinate cleavage of their protein 
substrates in an extremely specific manner. Although they are most especially known for their 
role in mediating apoptosis, their involvement in other processes such as differentiation and 
inflammation has become more evident (Degterev et al. 2003; Chowdhury et al. 2008). 
Apoptosis, defined in the metazoan context, is an irreversible rearrangement of cellular content 
that gives rise to apoptotic bodies that can be phagocytosed. The caspase family plays an 
integral role in the execution of this process, and it is the specific enzyme chemistry of the 
caspase catalytic pocket that allows for strict regulation and execution. Aberrant execution of 
such a pathway has detrimental effects at the cellular, tissue, and organismallevels, and 
therefore it is in the regulated activation and coordinated cleavage of the downstream 
substrates that has received much attention in this field (Taylor et al. 2008). 
Caspases are members of the C14 peptidase clan CD, and are grouped according to their 
sequence similarity, and are further divided based on their physiological function between 
inflammatory, initiator, and executioner (Degterev et al. 2003; Chowdhury et al. 2008). 
Caspases are synthesized as inactive zymogens and require proteolytic cleavage into their active 
form to function. In general, a caspase enzyme consists of an N-terminal prodomain, a large 
subunit (p20), and a small subunit (piO). Given that the context of this dissertation lies in the 
programmed cell death process, the inflammatory caspases (caspase 1, 4, and 5) are not 
discussed, but it should be mentioned that their catalytic pocket chemistry is in accordance with 
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the other caspases. In the apoptotic pathway, initiator caspases (caspase 2, 8, 9, 10) are 
recruited to scaffolding complexes that acquire and potentiate the death signal. Once activated 
upon complexing, they go on to cleave the downstream effector caspases (caspase 3, 6, and 7). 
These two functionally distinct groups of caspases are classified based on their unique structural 
characteristics in that the initiator caspases bear a long prodomain that consists of a caspase-
recruitment domain (CARD) or death effector domain (OED) that aids in the binding and 
organization to the scaffolding complex, whereas the effector caspases contain a short 
prodomain. In all types, activation is required, and is carried out by separation of the large and 
small subunits, removal of the prodomain, and dimerization between two small subunits and 
two large subunits (Boatright and 5alvesen 2003). Each caspase active site consists of a very 
well conserved histidine-cysteine catalytic dyad as well as a large pocket that allows for the P4-
P1 residues of its substrate to bind in an extended conformation. It is this unique pocket 
chemistry that allows for the specific cleavage of substrates after aspartic acid residues, but it is 
also the surrounding amino acid context that determines its specificity (GrUtter 2000). The 
caspase 51 catalytic pocket consists of three conserved residues (R179, R341, and Q283) 
creating a deep basic pocket that is perfectly shaped to accommodate an aspartate side chain, 
and thus the functional basis for its strict specificity. The 52 - 54 pocket (or 55 in the case of 
caspase 2) chemistry is also important for substrate differentiation, whereby the 52 pocket 
allows small aliphatic residues and the 53 coordinates a glutamic acid residue in the P3 position 
largely through the 51 pocket player, R341. The 54 pocket is the most discerning for classifying 
the different subclasses in that inflammatory caspases coordinate large aromatic side chains, 
initiator caspase 54 pockets mainly coordinate small hydrophobic residues, while the 
executioners coordinate acidic residues such as aspartic acid. The 51' pocket is less restrictive, 
but structural data does support the higher propensity of small residues (namely G, A, and 5) in 
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the Pi' position for all subclasses. Together, the pocket chemistry of caspases, utilizing the 
conserved catalytic cysteine as the nucleophile, coordinates cleavage of the substrate after a Pi 
aspartic acid at the N-terminal side of the scissile bond. The biochemical properties of the 
strictly regulated activation of the caspase enzymes and the downstream substrate specificity 
allow this family of enzymes to function only when appropriate, and to efficiently catalyze 
irreversible proteolytic reactions on a very specific set of substrates (FuenteS-Prior and Salvesen 
2004). This most striking attribute of caspase enzymes is embedded in their pocket chemistry, 
and allows them to recognize and cleave hundreds to thousands of different substrates, while 
still maintaining fidelity for its targets but not causing widespread digestion (Crawford and Wells 
2011). 
Just over a decade ago, PSI-BLAST searches uncovered two distinct sets of distant 
caspase relatives termed paracaspases and metacasapses, both containing the well-conserved 
catalytic histidine-cysteine dyad and structural predictions indicated the presence of a 
caspase/hemoglobinase fold (Uren et al. 2000). The paracaspases, found mainly in bacteria and 
metazoans, the metacaspases, found in plants, fungi, protists, and chromista, and the caspases 
are evolutionarily equally distant from each other and thus make up separate classes within the 
clan CD peptidases along with the legumains, separases, bacterial clostripains and gingipains 
(Vercammen et al. 2007). Because of the evolutionary distance between these groups, it has 
been hypothesized that metacaspases arose from a horizontal gene transfer event between the 
mitochondrial endosymbionts with the early eukaryotes (Koonin and Aravind 2002). 
Metacaspases have been delineated into Type I or Type II depending on whether the enzyme 
contains a prodomain (Type I) or an extended linker region between the p20 and pl0 domains 
(Type II). Type I metacaspases have been found in plants, fungi, and protists, while type II 
metacasapses have only been found in plants. Based on this, alternative hypotheses have been 
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suggested regarding the notion that caspases, paracaspases, and type I metacaspases arose 
from a common ancestor through HGT between mitochondrial endosymbionts and eukaryotic 
host cells, while the type II metacaspases arose from a second HGT event during the 
endosymbiotic event leading to the establishment of plastids (Vercammen et al. 2007). 
Over the last decade, controversial reports in the literature bearing provocative titles 
such as, Are metacaspases caspases? (Vercammen et al. 2007), Metacaspases are caspases. 
Doubt no more. (Carmona-Gutierrez et al. 2010), and Metacaspases are not caspases - a/ways 
doubt. (Enoksson and Salvesen 2010), highlight the ongoing debate concerning metacaspase 
cleavage pocket chemistry and their biological function as mediators of PCD. Due to the fact 
that the metacaspases contain the C14 caspase domain, initial studies focused on making 
connections between the induction of caspase-like activity, measured by cleavage of a particular 
canonical caspase tetrapeptide motif labeled with a fluorogenic moiety, and the increased 
expression of metacaspase encoding genes or subsequent protein levels. This led to confusing 
connections between the activity measured and the actual culprits carrying out this activity. 
Unlike the basic caspase cleavage pocket, the metacaspase Sl pocket contains a leucine at the 
R179 site, an aspartic acid residue is replaced by Q283, and R341 is replaced by either an 
aspartic acid or glutamic acid residue, together forming a highly acidic pocket better suited to 
accept basic Pl residues such as arginine or lysine. Biochemical studies using recombinant 
metacaspases or cell extracts from gain or loss of function mutants in yeast have demonstrated 
that the inferred PI specificity for Arg and Lys from sequence information is accurate (Tsiatsiani 
et al. 2011). The elucidation of the metacaspase pocket chemistry has led to the identification 
of a natural substrate of a metacaspase, Tudor staphylococcal nuclease (TSN). TSN is involved in 
gene regulation, transcription, mRNA splicing, and RNA silencing, remains the only identified 
substrate to be cleaved by a metacaspase in vivo (Sundstrom et al. 2009). However, a better 
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understanding of the pocket chemistry has substantially increased the tools available for in silica 
prediction of the metacaspase degradome. Cleavage of TSN by metacaspase 2 in Norway spruce 
embryos during both development and oxidative stress induced cell death demonstrates the 
breadth of biological functions metacaspases may play. Furthermore, TSN contains a caspase 
specific cleavage site along with four metacaspase cleavage sites, suggesting evolutionary 
conservation among PCD pathways. The cleavage of TSN represents the most substantial 
biochemical evidence of the functional diversity metacaspases may possess. However, there is 
an extensive body of literature further supporting metacaspase involvement not only in cell 
death, but also protein aggregation and ER stress (Richie et al. 2007; Lee et al. 2010), cell 
proliferation (Lee et al. 2008), and immune system evasion (Jimenez et al. 2008; Wanderley and 
Barcinski 2010; Coli et al. 2011) in plants, yeast, and protists. Thus it is clear that the 
identification of more metacaspase substrates is essential to understanding the biology of 
metacaspases. 
Seminal work in the bloom forming dinoflagellate, Peridinium gatunense, brought 
attention to the possibility that cysteine proteases may also be involved with death processes in 
phytoplankton (Vardi et al. 1999). This work, along with other foundational studies (Berges and 
Falkowski 1998; Veldhuis et al. 2001) sparked the development of a new field that sought to 
answer questions about the role PCD may play in the ecology of phytoplankton. Interest in 
phytoplankton PCD, particularly in its potential role in coupling primary productivity to the 
microbial food web, led to convincing morphological, biochemical, and molecular evidence of 
metacaspase-mediated PCD in response to nutrient limitation and cell age in the marine diatom, 
Thalassiosira pseudonana (Bidle and Bender 2008) and during viral lysis in the coccilithophore, 
Emiliania huxleyi (Bidle et al. 2007). These reports utilized an E. huxlyei specific metacaspase 
antibody, which was used to demonstrate the induction of metacaspases in the aforementioned 
155 
studies. This work has led to a profound shift in understanding the biological processes that are 
affected by the interaction between phytoplankton and viruses, and how this interaction is at 
the crux of large-scale open ocean biogeochemistry (Bidle and Vardi 2011). This work, along 
with many other examples of PCD in phytoplankton outlined in Chapter 1, has provided a 
greater context for understanding the possible functions metacaspases may have in the 
regulation of phytoplankton bloom dynamics. 
Although over the last decade, an extensive body of literature on PCD in phytoplankton 
has formed, the role of metacaspases in dinoflagellates has remained largely uninvestigated 
since the initial study linking general cysteine protease activity with the induction of ROS-driven 
PCD in Peridinium gatunense (Vardi et al. 1999). Dinoflagellates present many challenges to 
answering mechanistic questions regarding cell signaling pathways and biochemistry due to 
their unique genome structures and the lack of success to date in the development of effective 
transformation or knock out systems. Dinoflagellates do, however, represent an important 
group of phytoplankton for many reasons, but most notably they represent the largest number 
of toxin forming phytoplankton species (Anderson et al. 2012). Owing to the fact that 
dinoflagellates are involved in the overwhelming majority of toxin related issues arising from 
harmful algal blooms, they are an important group to direct questions regarding PCD and the 
role of metacaspases in bloom dynamics. These questions have provided the foundation for this 
dissertation work. 
We have previously shown in Chapter 3 that K. brevis induces caspase-like activities 
during chronological aging and ROS-induced death. In addition, morphological changes 
indicative of PCD were observed, which indicate a role for caspase-like activity in mediating this 
process. Bioinformatic analysis of potential substrates for this activity revealed that K. brevis 
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contains previously known as well as novel caspase-like substrates. Evaluation of the K. brevis 
proteome for enzymes responsible for the caspase-like activities indicated that K. brevis 
subtilisins should be considered the family of enzymes most likely responsible for this activity, 
rather than the metacaspases based on catalytic pocket chemistry. In this light it remains 
unclear whether K. brevis metacaspases are involved in the PCD process. In this study, we 
sought to characterize the presence of metacaspases in K. brevis and their activity during natural 
cell aging and death in culture. Through 3' RACE and spliced leader/gene specific sequencing, 
the full-length transcript was obtained for the K. brevis metacaspase 1 (KbMC). Characterization 
of the metacaspase sequence led to the development of a custom peptide antibody to the K. 
brevis metacaspase 1 protein (KbMC1). Using this tool, biochemical studies were was carried 
out to characterize its proteolytic fragments, its localization by immunocytochemistry, 
subcellular fractionation, and western blotting, as well as its expression by following the mRNA 
transcript level and protein abundance over the natural chronological aging as well as during 
ROS-induced PCD. Results from this study indicate that KbMCl may be involved in the 




Identification and Characterization of K. brevis Metacaspases 
The K. brevis EST library (version 3; http://www.marinegenomics.org/node/27110/assembly) 
was annotated and Gene Ontology (GO) categories were assigned for the 65,292 expressed 
sequence tags (EST) using BLAST2GO version 2.3.6 with both standard and GO SLIM analyses 
(Conesa et al. 2005). Top BLAST hit descriptions and GO terms were queried for sequences with 
BLASTx E-values < 10-4 containing metacaspase. Annotations were confirmed by performing 
BLASTx searches on the K. brevis EST library (Lidie, 2005) with previously characterized 
metacaspase sequences from other organisms (Uren et al. 2000; Madeo et al. 2002; Hatsugai et 
al. 2004; Vercammen et al. 2004; Hatsugai et al. 2009; Chichkova et al. 2010; Jiang et al. 2010). 
Additional 3' sequence was obtained through 3' rapid amplification of cDNA ends (RACE) 
using the Marathon Race kit (Clontech laboratories, Mountain View, CAl. First and second strand 
cDNA synthesis was performed from poly(A +) K. brevis RNA template. The marathon cDNA 
adaptor was ligated to double-stranded cDNA creating a library of adaptor -ligated double-
stranded cDNAs. Using the adaptor-ligated double-stranded cDNAs as the template, RACE PCR 
was carried out in 50111 reactions containing sequence specific primers designed per 
manufacturer's suggestion (23-28nt, 50-70% GC, T m ~ 65°C) (Table 1), adaptor primer, lOX cDNA 
PCR buffer, dNTP mix, advantage2 polymerase mix, and nuclease-free water. The cycling 
parameters were as follows: 94°C for 1 min. and 30 cycles of 94°C for 30s and 68°C for 4 min. 
Amplicons were analyzed on an Agilent Bioanalyzer 2100 for size and purity. To obtain the 5' 
sequence information of KbMC1, spliced leader (SL) and gene specific (GS) primers (Table 1) 
were used. SL/GS PCR reactions were carried out in 50111 reactions with nuclease-free water, 
lOX PCR butter, dNTP mix, gene-specific primer, SL primer, and Taq polymerase (Invitrogen). 
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Reactions were performed under the following cycling parameters: 94°C for 40s, 35 cycles of 
94°C for 20s, 68°C for 2 min., and a final extension of 72°C for 10 min. Amplicons were analyzed 
using an Agilent Bioanlayzer 2100. 
All peR products were cloned using the TOPO TA cloning kit for sequencing (Invitrogen) 
and sequenced by SeqWright Inc. (Houston, TX) using M13F and M13R primers. RACE sequences 
were aligned with KbMC1 contigs in BioEdit to construct full-length transcript contigs. 
Nucleotide sequences were translated using NCBl's open reading frame finder (ORF Find) and 
sequence characterization was performed in BioEdit. 
Western Blot Analysis 
A peptide antibody was developed to a 15 amino acid peptide within the p20 domain 
containing the catalytic H187 (HGAQQPDPHGYEQD). This peptide antigen was chosen based on 
structural criteria including predicted number of turns, hydrophilicity, and antigenicity as well as 
sequence criteria including conjugation method constraints, amino acid composition, and the 
presence of potential post-translational modifications (ProSci, Inc.). This peptide was also 
compared to the KbMC2, 3, and 4 sequences to determine specificity for KbMC1, and identified 
that KbMCl-4 share only six conserved residues in the identified peptide, therefore providing 
supporting criteria for developing the peptide antibody. Western blot was performed on whole 
ceillysates to evaluate the immunohybridization of the peptide antibody to KbMC1. Peptide 
blocking of the antibody with 100 fold excess of peptide (HGAQQPDPHGYEQD, 0.105 mg/mL 
final concentration) was performed to determine antibody specificity. Western blot analysis on 
whole ceillysates or subcellular fractions (described below in the KbMC11ocalization methods) 
was performed. For whole ceillysates, K. brevis cells were pelleted by centrifugation at 600 x 9 
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for 10 minutes at room temperature. Cell pellets w~re lysed in lX lysis buffer (Anaspec, 
Fremont, CAl for 30 minutes at 4°C with rotation. Cell extracts were centrifuged at 10,000 x 9 
for 10 minutes at 4°C. The protein concentration of the supernatant was determined by the 
Bradford Assay (Pierce). 10Jlg of total protein/sample was heat denatured at 70°C for 10 
minutes in SDS-PAGE sample buffer (Invitrogen) and separated by size on a 4-12% Bis-Tris 
gradient protein gel using MES buffer (Invitrogen) (200V, 1 hr). After SDS-PAGE, total protein 
was transferred to a PVDF membrane at 20 volts for 8 minutes (iBlot, Invitrogen). The 
membrane was developed in a S.N.A.P. Id detection system (Millipore), which uses a vacuum 
system rather than rocking method for blocking, washing, and antibody incubations. The 
membrane was blocked in 1% alkali casein in Tris Buffered Saline (TBS), and KbMCl protein was 
detected by western blot experiments using the anti-KbMCl antibody (ProSci) diluted 1:2000 in 
block solution, incubated for 10 minutes, and washed three times with TBS-T (TBS with 1% 
Tween 20). A polyclonal donkey anti-rabbit IgG horseradish peroxidase (Sigma) diluted 1:2000 
in block solution was incubated for 10 minutes then washed three times with TBS-T. 
Immunoreactive bands were detected using the West Pico HRP Chemiluminescent detection kit 
(Pierce), and developed using standard film methods. Densitometry analysis was performed 
using AlphaEase Innotech Software. 
KbMCl Localization 
The subcellular location of KbMCl was characterized using an immunolocalization and a 
western blot approach. K. brevis cells from a stationary phase culture were fixed overnight in 
2% paraformaldehyde. Cells were harvested by centrifugation for 10 minutes at 250 xg, washed 
with phosphate buffered saline (PBS), resuspended in 2ml of -20°C methanol, and incubated at 
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4°C for 10 minutes. Cells were washed and centrifuged onto poly-L-Iysine coated glass slides 
(1500 xg for 10 minutes at 24°C). Staining and wash steps were performed in PBS with 0.1% 
Tween 20. Slides were incubated with normal goat serum at 4°C for lh and then incubated 
overnight at 4°C in primary rabbit-anti-KbMCl peptide antibody (1:100). Cells were incubated 
with primary antibody blocked with 100-fold excess of peptide to test specificity. The cells were 
then incubated for lh at 4°C with FITC-Iabeled goat anti- rabbit secondary antibody (1:2000). A 
secondary only control was performed to determine nonspecific binding. Images were obtained 
on a Zeiss 510 Meta Confocal Microscope. 
To verify localization, western blot analysis on whole cell extracts, chloroplast extracts, 
and cytoplasm fractions were performed. Chloroplasts were isolated by a modification of the 
method of Laatsch et al (2004). Cell pellets were resuspended in chloroplast isolation buffer 
(CIB) consisting of 50 mM Tris, pH 7.5, 1 mM MgCI2, 10 mM EDTA, 0.25% PVP, and 0.4 M 
mannitol and homogenized in a Dounce homogenizer on ice until chloroplasts free of nuclei 
were apparent by epifluorescent microscopic inspection of a DAPI (0.1 ~g/ml; 4',6-diaminido-2-
phenylindole, Molecular Probes, Carlsbad, CAl stained sample. The homogenate was then 
layered onto a gradient of 4 mL 2.2 M sucrose and 12 mL 1.6 M sucrose, then centrifuged at 
14,000 x 9 (28,000 rpm) for 30 min. The plastid band, visible by its dark pigmentation was 
removed using transfer pipets and an aliquot stained with DAPI (0.1 ~g/ml) and inspected by 
epifluorescence microscopy to ensure the plastid band was free of nuclei or unbroken cells. The 
chloroplast containing fractions were diluted 1:6 in CIB, then harvested by centrifugation at 
12,000 x 9 for 10 min at 4°C. The chloroplast pellets were either frozen at -80°C or extracted 
immediately for protein as described above in cell lysis buffer (Anaspec). To obtain the 
cytoplasmic protein fractions, cell pellets were resuspended in CIB and homogenized in a 
Dounce homogenizer on ice. The homogenate was centrifuged at 2000 x 9 for 10 minutes to 
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remove chloroplasts and nuclei, then centrifuged at 20,000 x 9 to remove mitochondria, 
followed by a 100,000 x 9 for 1 hour centrifugation in an ultracentrifuge (Sorvall, M120SE 
Ultracentrifuge). The protein concentration on the supernantant cytosol fraction was 
determined by Bradford Protein Assay (Pierce). Whole ceillysates were obtained in Anaspec cell 
lysis buffer as previously stated, as well as with Trizol according to the manufacturer's protocol 
(Invitrogen). 10 Jlg protein/sample was separated by size on a Bis-Tris gradient protein gel, 
transferred to a PVDF membrane, and probed with the anti-KbMCl peptide antibody as 
previously described. 
Putative Metacaspase Substrate Identification 
The K. brevis EST library (v3; (http://www.marinegenomics.org/node /27110/assembly) 
was translated using OrfPredictor (Min et al. 2005) and queried for metacaspase cleavage sites 
using the Random Forest trained classifier (RF-12-12) by Pripper (Piippo et al. 2010) for the 
following metacaspase substrate motifs previously shown to be recognized and cleaved by 
metacaspases: AFK, EGR, FESR, GGR, GKR, IISK, VKKR, VRPR (Vercammen, 2004; Watanabe, 
2011; Moss, 2007; Watanabe, 2005; Vercammen, 2006; He, 2008; Sundstrom, 2009). The 
predicted substrates were functionally characterized using the phylogenetic classification 




K. brevis Metacaspase 1 (KbMC1) Identification and Characterization 
We identified seven metacaspase sequences in K. brevis EST library; however, further 
analysis revealed that only four sequences were true metacaspases (Chapter 3). Partial 
sequence information for the four metacaspases demonstrated the presence of catalytic 
histidine and cysteine residues characteristic of caspase-like proteins (Figure 1). In addition all 
four KbMCs contain the well-conserved peptidase_C14 caspase domain (pfam00656) (E values 
of 3e-6 to 7e-41). Although four metacaspases were identified in this study, the focus, rather than 
superficially characterizing all four KbMCs (KbMCl-4), was to characterize KbMCl 
(MGID2055388) more deeply, as it is the most homologous to known metacaspases. Rapid 
amplification of cDNA ends (RACE) was performed to obtain the 3' portion of the KbMCl gene 
sequence and the 5' end was obtained and the presence of the spliced leader sequence was 
confirmed by using spliced leader and KbMCl specific primers. Sequencing analysis (n = 100 
sequences) revealed that the KbMCl transcript is 1275 bp in length and included the spliced 
leader to the stop codon. Single nucleotide polymorphisms (SNPs) were found at 103 nucleotide 
positions throughout the transcript (Figure 2), suggesting that this sequence represents a family 
of proteins as is common in dinoflagellates. The 5' UTR was shown to be 76 bp in length 
including the SL sequence (data not shown). The KbMC1 transcript encodes a 424 amino acid 
protein with 21 amino acid positions containing alternative amino acid composition from the 
SNPs identified in the transcript; however, amino acid substitution did not occur at any of the 
necessary autocatalytic cleavage sites or catalytic pocket constituents (Figure 3). KbMCl 
contains a prodomain which has a CxxC-type Zn finger motif typical of many type I plant 
metacaspases, a p20 domain (pfam00656, 7e-41), and pl0 domains (Figure 3 and 4A). Like type 1 
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metacaspases, KbMC1 contains a short linker region (27 amino acids) between the p20 and p10. 
The sequence context around the catalytic histidine in KbMC1 is similar to other known 
metacaspases (Vercammen et al. 2004), HFSGHG, with the adjacent glycine previously identified 
to playa stabilizing role in caspases (Earnshaw et al. 1999). KbMC1's catalytic cysteine has a 
DCCHSG context, suggesting that unlike caspases, which coordinate cleavage of aspartic acids in 
the P1 site by a glutamine residue, KbMC1, like other metacaspases, uses an aspartate (Figure 1, 
position 40) (Vercammen et al. 2004). Together, the amino acid composition forms an acidic S1 
catalytic pocket. Based on sequence information, the predicted size of the full-length KbMC1 
protein is approximately 46 kDa (Figure 4A). 
A peptide antibody was developed to a 15 amino acid peptide within the p20 domain 
containing the catalytic histidine (Figure 4A). Western blot analysis with the anti-KbMC1 
peptide antibody in K. brevis whole ceillysates identified a strong band at approximately 29 kDa 
(Figure 4B, lane 1). Based on previous data in Arabidopsis, this suggests that KbMC1 is activated 
in a similar manner through cleavage of the p10 domain, and not by cleavage of the prodomain 
as in mammalian caspases (Watanabe and Lam 2005). Western blot analysis using this antibody 
also identified a faint band at approximately 48 kDa suggestive of the full-length form (Figure 
4B, lane 3), although this band is enigmatic and has no consistent pattern of expression. 
Antibody specificity has been tested by blocking with the peptide antigen prior to western blot 
analysis. This resulted in the complete disappearance of the 29 kDa and the transient 48 kDa 
band (Figure 4B, lane 2). 
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KbMCl is Localized to the Chloroplast 
In order to gain insight into the function of KbMC1 during the aging process, subcellular 
localization of KbMC1 using confocal microscopy, subcellular fractionation with subsequent 
Western blot analysis was performed. Confocal microscopy using the anti-KbMC1 antibody 
detected by incubation with FITC-conjugated secondary antibody showed that KbMC1 protein 
signal (Figure 5A) overlapped with chloroplast autofluorescence (Figure 5B), demonstrating that 
KbMC1 is diffusely localized within the chloroplast. KbMC1 signal was also detected between 
chloroplast structures, indicating that KbMC1 may also be located in the cytosol. Confirmation 
of the microscopy results by Western blotting with the anti-KbMC1 peptide antibody identified 
the previously demonstrated 29 kDa band is present in stationary phase whole cell lysate 
extracts (Figure 5B, lanes 1 and 2). However, immunohybridization to a dominant 24 kDa band 
was identified in chloroplasts (Figure 5B, lane 3) along with a faint 29 kDa band, while the only 
the 29 kDa band was present in the isolated cytosol fraction (Figure 5B, lane 4). Both the 24 
kDa and 29 kDa bands were blocked when probed with antibody pre-incubated with 100-fold 
excess of peptide. 
The immunolocalization and subcellular fractionation results demonstrating that KbMC1 
is localized to both the cytoplasm, as well as the chloroplast, prompted further sequence 
analysis to identify if KbMCl bears a signal peptide and transit peptide on its N-terminus to 
further support its chloroplastic localization. To identify if KbMC1 contains a signal peptide, 
programs designed to predict signal peptides (SignaIP-NN, SignaIP-HMM, and iPSORT) and N-
terminal targeting signals {TargetP, ChloroP, iPSORT, and WolfPSort} were utilized. Our analysis 
yielded unexpected results, in that no signal peptide was identified, and only 3 out of the 4 
targeting programs identified a chloroplast transit peptide; however, all three program 
165 
predictions to the chloroplast contained very weak scores. Signal peptides are hydrophobic in 
nature, and upon further inspection of the N-terminal end of KbMCl with hydrophobicity 
profiling, it was confirmed that KbMC1's N-terminal sequence does not appear to contain any 
sequence resembling a signal peptide. iPSORT and ChloroP did predict a transit peptide 
cleavage site following residue A20. 
The alternative banding pattern of KbMCl in the isolated chloroplasts also prompted 
further sequence analysis to define whether KbMCl has the potential for multiple cleavage 
products. Recently, crystal structures for the yeast metacaspase 1 (YCA1) (Wong et al. 2012) 
and the Trypanosome brucei metacaspase 2 (TbMC2) (Zalila et al. 2011) were solved, providing 
templates for protein modeling. KbMCl was modeled against both templates, which yielded 
the same structural results; therefore, only models against the TbMC2 crystal are presented for 
brevity (Figure 6). TbMC2 undergoes autcatalytic processing at K55 in the N-terminal region and 
at K268 in the C-terminal region; however, cleavage does not generate separate subunits. Given 
that KbMCl has alternative banding patterns based on localization, cleavage at the homologous 
sites, K100 and R257 were assessed and would yield a 16.98 kDa active fragment. Cleavage at 
R329 also appears to be possible based on sequence specificity and would result in a 21.40 kDa 
fragment if proteolytically cleaved at Kl00 - R329. The existence of post-translational 
modifications is currently experimentally unknown for KbMC1; however, prediction software 
suggested that KbMCl might be myristoylated at G2 (MYR Predictor, 0.96/1.00 confidence 
score) and S-nitrosylated at the catalytic dyad cysteine, C300 (PPS, 3.554 confidence score), 
which may explain the discrepancy in Western band size versus alternative fragment prediction 
sizes. Evaluation of KbMCl modeled against the TbMC2 crystal structure in its full-length form 
(Figure 6A) demonstrates that the N-terminus, like TbMC2 hides the active site, and once in its 
active form (Figure 6B), the catalytic site is structurally primed for substrate recognition. KbMCl 
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also contains the homologous residues for calcium binding, further suggesting that the KbMC1 
prodomain may act as a gatekeeper for substrate binding until the enzyme is activated by 
calcium in the presence of the substrate. Not all metacaspases require calcium for activation, 
and may therefore explain alternative functions or activation processes amongst different 
metacaspases (Watanabe and Lam 2011). 
KbMCl is not Induced During Aging 
Due to the extensive transcriptomic remodeling associated with chronological aging in 
K. brevis (Johnson et al. 2012) Chapter 2), the extent to which KbMCl expression changes was 
evaluated by measuring the KbMCl transcript and protein abundance over the growth phases. 
KbMC1 is not represented on the 11K microarray, therefore the transcript abundance was not 
evaluated in the previous study (Chapter 2). qPCR was run on the three biological replicates 
from Days 4, 6, 10, 14, and 18 to provide a "snap shot" of the KbMCl transcript levels at early 
logarithmic, logarithmic, the transition to stationary phase, and late stationary phase 
respectively (Figure 7 A. Log2 ratios were calculated for each day with Day 6 acting as the control 
sample (Figure 7B). KbMCl transcript levels were significantly reduced in the stationary phase 
timepoints, and followed the same pattern as the general microarray results in that the greatest 
decrease was seen in the Day 14 samples. 
KbMC1 protein abundance was measured over the growth curve by western blot and 
densitometry analysis to define whether KbMCl is induced in the aging process. In a similar, 
but independent study (Figure 8), KbMCl protein abundance evaluated by western blot 
demonstrated that the 29 kDa band is present in all growth phases, is slightly increased 
overtime, but is drastically decreased in two of three cultures at the late stationary phase 
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timepoint that may represent imminent culture demise (Figure BB). The 24 kDa band was not 
detected in any of the growth curve samples, but three of the samples did contain a faint full 
length band; however, there was no discernible pattern of full-length band expression (data not 
shown). Since immunohybridization only identified the 29 kDa KbMC1 band, this suggests that 
the main active form remained the cytoplasmic form throughout the aging process. 
Since KbMC1 protein abundance did not change over the growth curve, dark treatment 
was utilized to cause a more abrupt and synchronized death phase to evaluate KbMC1 
abundance changes (Figure 9B and 9C - dark treatment). Cultures were kept in 24h dark 
starting on Day B, and whole ceillysates were evaluated for changes in KbMC1 expression each 
subsequent day. Immunohybrization to the KbMC1 antibody significantly increased on day 9, 
although growth curve data suggests that culture demise did not start until days later, and at 
that time KbMC1 abundance again began to decrease, although not as precipitously as in the 
two day 12 cultures above. 
Chloroplastic KbMCl is Induced during ROS-driven PCD in K. brevis 
Previous studies presented in Chapter 3 demonstrated that K. brevis exhibits PCD-like 
morphologies during ROS-induced death. To determine the extent to which KbMC1 is involved 
in the induction of H20r induced cell death, extracts from control and BOJ.lM H202 treated cells 
were immunohybridized with the anti-KbMC1 antibody (Figure 9). Upon H20r treatment, the 
active form of KbMC1 (29kDa) was significantly decreased; however the 24 kDa chloroplast band 
was induced, suggesting that the chloroplast localized KbMC1 may be involved in the induction 
of PCD. 
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Putative Metacaspase Substrates Encode a Wide Variety of Biological Functions 
To evaluate the extent to which the K. brevis proteome may be influenced by 
metacaspase enzyme activity, the proteome was scanned for metacaspase cleavage sites using 
the Pripper program (Piippo et al. 2010) for previously published metacaspase cleavage motifs 
(Vercammen et al. 2004; Watanabe and Lam 2005; Vercammen et al. 2006; Moss et al. 2007; He 
et al. 2008; Sundstrom et al. 2009; Watanabe and Lam 2011) (Table 2). Metacaspase substrate 
motifs were found in 1.2% of the known K. brevis proteome (268 identified substrates/22,078 
total proteins screened). Annotation and functional classifications for the metacaspase 
substrates was carried out in Blast2GO (Conesa et al. 2005) and Koginator (Tatusov et al. 2000) 
in order to gain insight into the biological connections of metacaspase activity in K. brevis (Table 
2). All KOG classes contained at least one representative, except for nucleotide metabolism and 
transport (F), cell motility (N), and nuclear structure (Y). Post-translational modification, protein 
turnover, and chaperone function (0) category contained the largest number of substrates (25), 
including HSP70, E3 ubiquitin ligase, DnaJ proteins, cyclophilin, and BiP. Glutathione s-
transferase, the major detoxification enzyme, was also included in this group. The second 
largest number of potential substrates were in the signal transduction (T) category, which most 
interestingly contained calmodulins and EF-hand proteins, both identified as significantly 
changing in the microarray experiment and involved with calcium regulation. Cytoskeleton (Z) 
and extracellular structural molecules (W) were also identified as potential metacaspase 
substrates. All steps of the information storage and processing scheme from chromatin 
remodeling (B) to proteins involved in translation (J) were identified as metacaspase substrates. 
Most interestingly in these categories, major mediators of replication (DNA topoisomerase), 
transcription of small RNAs (RNA polymerase III), and translational elongation (elongation 
factors 4G and 5) were identified. Many general metabolic processes were identified as 
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potential targets of metacaspase activity, but most noticeably, members of the putative 
brevetoxin biosynthetic pathway were identified (3-oxoacyl-(acyl-carrier-protein) synthase (I 
and II), as well as polyamine biosynthetic pathway members (spermine/spermidine synthase). 
DISCUSSION 
The identification of a PCD-like pathway in K. brevis regulated by capsase-like activities 
in response to ROS is in accordance with findings in other bloom forming dinoflagellates (Vardi 
et al. 1999; Franklin and Berges 2004) and has led to questions regarding the role metacaspases 
play in this process. Although it is now understood that metacaspases are not responsible for 
the caspase-like activities, this does not preclude them from being involved in the signaling 
cascade. In fact, there is a body of evidence demonstrating that metacaspases are involved in 
the PCD process in phytoplankton (Bidle and Bender 2008), which together with the findings in 
Chapter 3 formed the basis for investigating KbMCl in the aging and death process of K. brevis. 
Data mining of the current K. brevis transcriptome has uncovered four metacaspase 
sequences, all of which contain the well-conserved His/Cys catalytic dyad with 51 pocket 
specificity for cleaving after Arg/Lys residues. The number of sequences and specificity is in 
accordance with other characterized metacaspases in phytoplankton; however, to our 
knowledge this is the first in depth analysis of metacaspases in dinoflagellates. Although it is 
important to distinguish the role of all the identified KbMCs in aging and death, further analyses 
focused on KbMC1, as is the most homologous MC to yeast, trypanosomes, and type I plants, 
therefore suggesting it might function similarly in dinoflagellates. Like the type I Arabidopsis 
MCl (AtMC1), KbMCl contains a short linker region between the p20 and pl0 domains, as well 
as a CxxC LSD1-like Zn finger in the N-terminus. Lesion stimulating disease 1 (LSD1) was first 
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identified in plants to promote chlorosis and necrosis through an O2- - dependent mechanism 
after exposure to elongated photoperiods or avirulent infection (Dietrich et al. 1994). This 
mechanism has been further characterized, and more recent studies have demonstrated that 
LSDl interacts with AtMC1 through the CxxC Zn finger motif on AtMC1. LSD1 acts as a negative 
regulator of AtMCl by binding and sequestering AtMCl to the cytoplasm. Upon infection, this 
interaction is broken, and AtMCl is localized to the chloroplast (Coli et al. 2010; Coli et al. 2011), 
although it remains unclear what substrates AtMC1 is acting upon once in the chloroplast. 
When LSDl is absent in this model, AtMC1-dependent cell death depends on other unknown 
signals and is developmentally regulated, thus demonstrating that the activation of AtMCl is 
context specific. LOLl, 2, and 6 (LSD one-like proteins) also contain a zinc finger domain, and 
through yeast-two-hybrid screens have been shown to interact with AtMC1. LOLl has been 
validated through genetic approaches, and is classified as a positive regulator of plant 
hypersensitive response (HR)/PCD. It is now hypothesized that LSDl acts as a scaffolding 
protein for positive regulators, namely LOLl, AtMC1, and AtbZIP10, where interaction with 
these proteins prevents cell death (Coli et al. 2010). BLAST searches with the Arabidopsis Zn-
finger domain proteins (LSD1, LOLl, 2, and 6) were performed against the K. brevis 
transcriptome, but did not yield any homologous matches. This may be due to the fact that the 
library construction was through 3' sequencing, and these domains are found in the N-terminus, 
thus not finding these sequences may be due to incomplete sequencing information, or they 
may not exist. Deeper sequencing of the transcriptome will shed light on this question, and 
provide a better understanding of the possible interactions KbMCl may have in vivo. 
Like AtMC1, KbMCl appears to contain dual localization in the cytoplasm as well as in 
the chloroplast. Immunocytochemistry and subcellular fractionation followed by western blot 
analysis utilizing the custom peptide KbMCl antibody demonstrated that KbMCl contains two 
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cleavage products, with the 29 kDa representing the major cytoplasmic form and the 24 kDa 
represented in the chloroplast. The dinoflagellate plastid evolutionary history is complex, and 
deciphering the mechanisms by which proteins are imported into the chloroplast remains 
elusive and controversial. K. brevis is a dinoflagellate that evolutionarily underwent a tertiary 
endosymbiotic event with a subsequent plastid replacement from a peridinin plastid to a plastid 
with haptophyte origin (Yoon et al. 2002). The peridinin plastids contain unique, highly reduced 
genome composition consisting of approximately 15 genes arranged on a series of mini circles, 
and most of the photosynthetic machinery is encoded in the nuclear genome, thus nuclear-
encoded proteins trafficked to the plastid is necessary for the organism. K. brevis replaced the 
peridinin plastid with a haptophyte origin, thus containing the fucoxanthin pigments, and 
through endosymbiotic gene transfer (EGT) and horizontal gene transfer {HGT some transfer of 
plastid encoded genes to the nucleus has occurred; however, their chloroplast genome is more 
typical of a haptophyte chloroplast and contains >60 genes (Van Dolah, unpubl.) The K. brevis 
plastid appears to have a chimeric proteome with a complex history containing both red and 
green algal lineages (Nosenko et al. 2006). Dinoflagellates contain three classes of N-terminal 
targeting signals: Class I is distinguished by a signal peptide, followed by a chloroplast transit 
peptide, and then a hydrophobic domain that functions as a stop transfer sequence, Class II only 
contain a signal peptide and a transit peptide, and Class III contain a signal peptide, a transit 
peptide, and a thylakoid targeting sequence (Patron et al. 2005). The resulting chloroplast 
ultrastructure from the endosymbiotic events gave rise to a plastid surrounded by three 
membranes, thus hypothesized homologous machinery for the Tic/Toe complexes are not 
available to cytoplasmic proteins for direct import, as this machinery is embedded in the second 
membrane. Thus, the targeting pathways for dinoflagellates have an added layer of complexity. 
The functional classification of chloroplast targeting is a parallel scheme to the above sequence 
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classes, in that Class I plastid proteins are co-translationally translocated into the ER, where the 
signal peptide is cleaved off and the protein is anchored in the membrane by the stop transfer 
domain. The protein is then trafficked to the Golgi where it is sorted into vesicles that then fuse 
with the outer membrane of the chloroplast where a proposed Tic/Toc complex recognizes and 
imports the protein past the last two membranes. This is however greatly oversimplified, and 
much of this is still unknown in dinoflagellates, especially how Class II and III proteins lacking a 
stop transfer domain are trafficked from the ER, given the whole protein would presumably fully 
enter the ER lumen during translation. In addition to these complexities, dinoflagellates appear 
to contain unique transit peptide sequences, possibly because of the loss of the fourth 
membrane, and thus further complicates studying such mechanisms (Keeling 2010). These 
alternative transit peptide sequences have been identified to namely contain an FVAP 
recognition motif at the N-terminus of the transit peptide; however, not all plastid-localized 
proteins in dinoflagellates contain such sequences, and prediction software programs are 
unable to discernibly predict dinoflagellate plastid targeted proteins because of these 
complications (Armbrust et al. 2004; Kilian and Kroth 2005; Nosenko et al. 2006) KbMC1 is no 
exception to this enigmatic targeting scheme. Characterization of the KbMC1 protein sequence 
by a number of signal peptide and transit peptide software programs resulted in conflicting 
results regarding its target location. KbMC1 does not contain a signal peptide, as there are no 
discernible hydrophobic regions that would suggest otherwise. The protein does however 
appear to have a chloroplast transit peptide sequence, albeit weakly supported 
bioinformatically, and does not appear to contain a stop transfer domain. KbMC1 is not the 
exception in K. brevis chloroplast targeted proteins; many known nuclear-encoded chloroplast 
targeted proteins do not contain a signal peptide, or are erroneously predicted to other 
compartments using conventional prediction tools (Nosenko et al. 2006; Van Dolah, 
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unpublished). KbMCl does not contain a FVAP target peptide motif at its N-terminus, but 
iPSORT and ChloroP predicted cleavage of the transit peptide after residue A20. The mechanism 
utilized in trafficking KbMCl is unclear; however it can be hypothesized that KbMCl acts 
similarly to AtMCl in that it is synthesized as a full-length protein, and is in its active, but bound 
form in the cytsol (29 kDa). Upon release from a Zn-finger binding partner, KbMCl can 
transclocate to the chloroplast via a currently unrecognized mechanism involving the possible 
recruitment of SNARE-like proteins (Patron et al. 2005). Based on the current Leishmania model 
for metacaspase activation, chloroplast-localized KbMCl may undergo further processing where 
it forms its fully active form resulting in autocatalytic cleavage of the N-terminus at Kl00 or 
Rl0s. Based on alignments, the chloroplast-localized sequence of KbMCl may reflect an active 
cleavage product from Kl00/Rl0s to R329, resulting in a 21.40 kDa fragment (Zalila et al. 2011). 
This size prediction is smaller than the observed fragment by western blotting; however, 
possible post-translational modifications to KbMCl may account for the larger size observed by 
western blotting. S-nitrosylation of the catalytic cysteine in AtMC9 prevents autocatalytic 
processing and proteolytic activity (Belenghi et al. 2007). Therefore, future studies designed to 
test the validity of S-nitrosylation predictions could be informative in discerning the mechanism 
of activation for KbMC1. Taken together, the biochemistry, cell biology, and bioinformatic 
approach to characterizing KbMCl demonstrates that it may be functioning similarly to AtMCl 
in the chloroplast. This is most interesting given that KbMCl and AtMCl have diverged from 
such distinct lineages, being that plants diverged from the green plastid lineage, and 
dinoflagellates from the red plastid lineage, thus suggesting that these metacaspases may have 
evolved from a common ancestor prior to the divergence of these lines. 
The transcriptomic response to chronological aging in Chapter 2 demonstrated that K. 
brevis undergoes a drastic shift in stationary phase. Based on previous reports in other 
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phytoplankton species demonstrating an induction of metacaspases during aging (Bidle and 
Bender 2008), as well as metacaspase involvement in the aging process in plants and yeast 
{Herker et al. 2004; Fabrizio and Longo 2008L the expression profile of KbMC1 over a complete 
growth curve was performed. Firstly, the 29 kDa band was the prominent band in all samples, 
although the enigmatic full-length form was observed, suggesting that the KbMC1 inactive 
zymogen is quickly activated once made, and that the main pool of KbMC1 does not remain in 
the inactive form. Unlike T. pseudonana, the cytosolic KbMC1 active form is present in early 
logarithmic phase, suggesting that it functions more like a housekeeping enzyme in the cytosol 
rather than an executioner of death. The 24 kDa band was not detected in any of the samples, 
suggesting that the cytoplasmic form remained the dominant form; however, 
immunolocalization data demonstrated that KbMC1 is located in both the cytoplasm and 
chloroplast in both logarithmic and late stationary phase cultures. The abundance of the 29 kDa 
band did not significantly change over the growth curve, and decreased prior to culture demise. 
This suggests that KbMC1 may not be a positive regulator of cell death; however, the chloroplast 
cleavage product was not detected, therefore suggesting that cell death may be occurring via a 
KbMC1/chloroplast-independent mechanism. The culture demise lasted over several days, 
therefore in order to assess whether KbMC1 is ever involved in cell death, cultures were placed 
in the dark on day 8 to invoke a quicker and more synchronized death. Following dark 
treatment, KbMC1 expression (29 kDa) appeared to increase; however, over the next three days 
decreased as the cells began to die. Again, this suggested that KbMC1 is not executing the cell 
death that K. brevis is undergoing following natural aging. From these studies, it can be 
concluded that the cytosolic form of KbMC1 is present at all growth phases and does not 
significantly change, suggesting that it may not playa role in executing cell death following 
natural aging. 
175 
Given that K. brevis exhibited PCD-like morphologies in response to oxidative stress in 
Chapter 3, the KbMC1 expression pattern was determined following 80 J.lM H20 2 treatment. 
Similar to the observed decrease in KbMC1 during chronological aging, activated KbMC1 (29 
kDa) expression during H202 treatment also decreased; however, the induction of the 23 kDa 
band suggests a positive involvement of KbMC1 in mediating PCD through its chloroplastic 
localization. 
Prior to this study, AtMCl was the only metacaspase experimentally localized to the 
chloroplast. Chloroplasts represent the powerhouse of photosynthetic organisms and tight 
regulation of organellar homeostasis is important for cell survival. Understanding the role 
metacaspases have in the chloroplast is important for understanding cell death programs in 
photosynthetic organisms. In order to gain insight into the metacaspase degradome, a 
bioinformatic approach was taken to identify the possible downstream targets of metacaspases 
in K. brevis. By understanding the cleavage pocket chemistry of metacaspases, and how they 
differ from the caspases, it was possible to accurately search the K. brevis proteome for MC 
substrates. The metacaspase screen identified substrates involved in a wide range of biological 
processes, supporting the hypothesis that downstream substrates may act contain both positive 
and negative regulators of the pathway. Although general hypotheses regarding the potential 
involvement of the identified substrates can be made, focus was put on the chloroplast localized 
proteins given KbMC1's unique localization and induction of its chloroplastic form during PCD. 
Of the 268 substrates, 8 were identified as being localized to the chloroplast by sequence 
information. Of these,S encode members of the photosynthetic machinery, which include 
protein fucoxanthin chlorophyll a c proteins, chloroplast light harvesting proteins, and the 
photosystem II 12 kDa subunit. Other chloroplast localized metacaspase substrates include a 
chloroplast specific molecular chaperone as well as an ion channel. Together, it appears that 
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inference of KbMC1 cleavage specificity does predict its interaction with the photosynthetic 
machinery. Future studies aimed at understanding whether KbMC1 mediates death via 
degradation of the photosynthetic pathway, or whether it has general housekeeping functions 
in the chloroplast such as directing pigment recycling processes may shed light on the enigmatic 
role metacaspases have in dinoflagellate physiology. 
CONCLUSION 
To our knowledge, this is the first study characterizing a dinoflagellate metacaspase. A 
directed analysis of the K. brevis metacaspase 1 protein through sequence analYSiS, 
immunocytochemistry, and western blotting demonstrated that KbMC1 is localized to the both 
the cytoplasm and chloroplast. It appears that KbMC1 does not have a direct role in the 
execution of cell death during the natural aging process, but may be involved in chloroplast 
homeostasis. However, the expression of a chloroplast specific 24 kDa form of metacaspase 
under ROS stress and the identification of photosynthesis specific KbMC1 substrates suggest 
that KbMC1 may be interacting with the photosynthetic machinery. 
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Table 1. K. brevis metacaspase sequences. 
Protein 10 Top BLAST Hit Description 
MG1D2041795 metacaspase CasA [Aspergillus fumigatus I 
MGID20553&8 metacaspase 1 precursor [Toxopfasma gondii 
MGID2080978 metacaspase CasA [Metarhizium anisoplfae 
MGID2080273 metacaspase [Chforobium chlorochromatH CaD3] 
MGID2027748 metacaspase-l [Schizosaccharomyces japonicus 
MGID2063352 metacaspase 1 precursor [Toxoplasma gondii 






9.00E-48 BOXPP3.2 Pfam00556 Peptldase_C14 
2.00E-80 XP _002367830.1 Pfam00656 Peptidase_C14 
3.00E-38 EFY99590.1 Pfam00656 Peptidase_Cl-
1.00E-08 YP _379199.1 Pfam00656 Peptidase_el 
7.00E-17 XP _002171430.1 PfamOO6S6 Peptidase_C14 
8.00E-l1 XP ~002357830.1 
7.00E-11 CBN75943.1 Pfam0015S, C2 Domain 
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pfam oo~~in H95 (F/VSGHG) 
E value Po,sltion -
C147 (DC/StHSG) 
5.41£-23 162-423 YSG!:!G DCfHSG 
1.11£-40 105-351 FSG!:!G DS~HSG 
7.62E-25 121-247 FSGHG DSCHSG 
4.75E-06 1-267 FTGYG DC~HST 
1.87E-I0 308-392 
6.20E-06 
Table 2. Putative K. brevis Metacaspase Substrates 
MGID# KOG KOG Description KOG# eValue GO Description eValue 
AFK MGID2037117 A Nucleolar protein NOP52/RRPl KOG3911 1.00E-26 ribosomal rna processing 1 homolog 5.21E-24 
AFK MGID2076841 A Protein involved in mRNA turnover and stability KOG1609 6.ooE-06 kinesin light chain 1.47E-10 
AFK MGID2079451 A RNA splicing factor - SIu7p KOG2560 4.00E-56 step ii splicing factor 1.24E-60 
AFK MGID2052976 BK Class IV sirtuins (SIR2 family) KOG190S 4.00E-71 transcription regulator sir2-like protein 2.28E-60 
AFK MGID2073043 BK Hismacro and SEC14 domain-containing proteins KOG2633 2.00E-1S appr-l-p processing domain protein 3.49E-17 
AFK MGID1967616 OK Putative protein methyltransferase involved in meiosis and transcriptional silencing (Dotl) KOG3924 1.00E-07 ribosomal protein III 4.20E-10 
AFK MGID2048701 G Uncharacterized enzymes related to aldose l-epimerase KOG1594 3.00E-54 protein 5.32E-59 
AFK MGID1986114 H Cobalamin synthesis protein KOG2743 4.00E-22 cobalamin synthesis protein 3.05E-21 
AFK MGID2021427 I Oxidosqualene-Ianosterol cyclase and related proteins KOG0497 e-101 cycloartenol synthase - -epoxysqualene m 1,01E-115 
AFK MGID1976293 0 Tubulin-tyrosine ligase-related protein KOG2158 2.00E-16 tubulin tyrosine ligase-like member 7 6.25E-22 
AFK MGID1975292 R Carboxylesterase and related proteins KOG1S16 1.00E-44 carboxylesterase type b 7.73E-4S 
AFK MGID2080587 R TPR repeat-containing protein KOG0553 5.00E-08 unc-45 homolog a 3,23E-10 
AFK MGIDI08716 5 snf2 family 1.05E-29 
AFK MGID2030603 S isocitrate nadp-dependent 0 
AFK MGID2075815 S mitochondrial rna ligase 2 4.42E-10 
AFK MGID2076773 5 hypothetical protein P9211_15361 [Proch 1.28E-33 
AFK MGIDI06533 S adenylyl cyclase, putative [Toxoplasma gOI 2.74E"13 
AFK MGI01959457 5 isocitrate nadp-dependent 8.51E-79 
AFK MGID2024222 5 nad(+) adp-ribosyltransferase-3-like prate 4.20E-18 
AFK MGID2026164 5 proteophosphoglycan ppg4 1.10E"04 
AFK MGID2050260 5 isocitrate nadp-dependent LSOE-127 
AFK MGID2073028 S atpase of the abc class-like protein 1.11E-84 
AFK MGID2076066 5 Predicted membrane protein, contains two CBS domains KOG2118 1.00£-29 protein 4.42E-42 
AFK MGID1977578 5 cdpk2_plafk ame: full=calcium-dependen1 7.91E-04 
AFK MGID1985111 S calcium-dependent protein kinase 3.69E-16 
AFK MGID2033488 S kelch-like 5 1.39E-07 
AFK MGID2079067 5 cyclopropane-fatty-acyl-phospholipid synt 9.60E-75 
AFK MGID2053132 T Ca2+/calmodulin-dependent protein kinase, EF-Hand protein superfamily KOG0032 8.00E-65 calcium-dependent protein 3.70E-56 
AFK MGID2078065 T Calmodulin and related proteins (EF-Hand superfamily) KOG0027 9.00E-10 calcium-binding protein 2 2.6SE-07 
AFK MGID2051906 T Calmodulin and related proteins (EF-Hand superfamily) KOG0027 9.00E-69 calmodulin 7.48E-53 
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MGID# KOG KOG Description KOG# eValue GO Description eValue 
AFK MGID206l063 T Calmodulin and related proteins (EF-Hand superfamily) KOG0027 8.00E-09 protein kinase domain containing protein 1.20E-16 
AFK MGID2074787 T Calmodulin and related proteins (EF-Hand superfamily) KOG0027 3.00E-09 calmodulin-like protein 2.42E-08 
AFK MGID2073056 U Vesicle coat complex COPII, subunit SEC23 KOG1986 1.00E-42 protein transport protein sec23 7.03E-46 
EGR MGID2022303 B Predicted histone tail methylase containing SET domain KOG2084 6.00E-10 mynd finger family expressed 1.38E-12 
EGR MGID2035392 BT Uncharacterized conserved protein, contains JmjC domain KOG2132 1.00E-39 jumonji domain containing 5 1.34E-37 
EGR MGID2076857 C Succinate dehydrogenase, flavoprotein subunit KOG2403 0 succinate dehydrogenase flavoprotein alp 0 
EGR MGID2080235 C Isocitrate lyase KOG1260 2.00E-56 carboxyvinyl-carboxyphosphonate phosp~ 1.66E-82 
EGR MGIDl946385 G Ribokinase KOG2855 3.00E-09 #NAME? 1. 11 E-08 
EGR MGIDlO9400 G Predicted sugar kinase KOG3974 0.016 hypothetical protein HRM2_12830 [Desul' 5.25E-32 
EGR MGID1986772 G UDP-galactose transporter related protein KOG1581 4.00E-07 solute carrier family 35 1.10E-31 
EGR MGID2075437 GOT O-linked N-acetylglucosamine transferase OGT KOG4626 8.00E-04 tpr repeat-containing protein 2.42E-07 
EGR MGID2048084 I 2-enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase/PeroxisomaI3-ketoacyl-CoA-thiol KOG4170 2.00E-10 isoform cra_b 2.63E-08 
EGR MGID2032869 J Translation initiation factor 5 (eIF-5) KOG2767 5.00E-48 eukaryotic translation initiation factor 5 6.77E-45 
EGR MGID2066856 K RNA polymerase III, second largest subunit KOG0215 1.00E-97 dna-directed rna polymerase iii 6.82E-98 
EGR MGID2080904 K Glucose-repressible alcohol dehydrogenase transcriptional effector CCR4 and related proteir KOG0620 8.00E-04 predicted protein [Chlamydomonas reinh. 6.23E-06 
EGR MGIDl993093 KL RNA polymerase" transcription initiation/nucleotide excision repair factor TFIIH, 3'-5' helica KOG1123 3.00E-19 at5g4l370 myc6_8 4.64E-16 
EGR MGID2023997 L TatD-related DNase KOG3020 S.ooE-83 deoxyribonuclease tatd 2.59E-76 
EGR MGID106781 L Apurinic/apyrimidinic endonuclease and related enzymes KOG1294 1.00E-22 apurinic endonuclease-redox protein 8.81E-21 
EGR MGID2055147 L DNA topoisomerase III alpha KOG1956 6.00E-04 signal transduction protein containing nac 3.22E-08 
EGR MGID2028835 0 Molecular chaperones GRP78/BiP/KAR2, HSP70 superfamily KOG0100 0 heat shock protein 0 
EGR MGID103360 0 FOG: Predicted E3 ubiquitin ligase KOG0800 3.00E-05 sell domain protein repeat-containing pre 9.89E-06 
EGR MGID2056243 0 FKBP-type peptidyl-prolyl cis-trans isomerase KOGOS43 4.00E-40 rof1 (rotamase fkbp 1) fk506 binding calm 2.15E-35 
EGR MGID2078095 0 Aspartyl beta-hydroxylase KOG3696 6.00E-11 aspartyl asparaginyl beta-hydroxylase 3.33E-12 
EGR MGID2080865 0 Ubiquitin protein ligase RSP5/NEDD4 KOG0940 1.00E-07 ww domain containing protein 5.87E-06 
EGR MGID2023677 0 Molecular chaperone (DnaJ superfamily) KOG0715 8.00E-56 dnaj protein 1.09E-80 
EGR MGID2051780 OR Ubiquitin and ubiquitin~like proteins KOG0001 7.00E-11 ubiquitin isoform cra_a 4.65E-13 
EGR MGID2061726 or Myosin phosphatase; regulatory subunit KOGOS05 5.00E-14 ankyrin repeat protein e4_2 1.69E-11 
EGR MGID1939079 R Junctional membrane complex protein Junctophilin and related MORN repeat proteins KOG0231 9.00E-09 morn motif precursor 1.97E-07 
EGR MGID197l143 R FOG: Ankyrin repeat KOGOS04 3.00E-12 ankyrin unc44 6.18E-14 
EGR MGID2024638 R Reductases with broad range of substrate specificities KOGOn5 2.00E-06 short-chain dehydrogenase reductase sdr S.76E-17 
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MGID# KOG KOG Description KOG# eValue GO Description eValue 
EGR MGID2058320 S hypothetical protein ROSEINA2194_0280E 9.70E-04 
EGR MGID2073415 S large ala glu-rich protein 5.07E-10 
EGR MGID2073900 S predicted protein [Phaeodactylum tricorn 4.21E-OS 
EGR MGID2079457 S autoinducer-2 (ai-2) modifying protein 9.77E-14 
EGR MGID1981219 T Natriuretic peptide receptor, guanylate cyclase KOG1023 8.00E-12 guanylate cyclase 8.66E-11 
EGR MGID1990712 T EGL-Nine (EGLN) protein KOG3710 6.ooE-05 protein 4.06E-17 
EGR MGI02063936 T Serine/threonine protein phosphatase KOG0698 3.00E-08 protein phosphatase 7.75E-1S 
EGR MGIDI03385 TR Proteins containing BTB/POZ and Kelch domains, involved in regulatory/signal transduction I KOG4441 2.00E-16 isoform a 2.92E-17 
EGR MGID2075965 TU Reticulocalbin, calumenin, DNA supercoiling factor, and related Ca2+-binding proteins of the KOG4223 7.00E-09 cg31650- isoform c 2.74E-12 
EGR MGID2034941 ZD Ca2+-binding protein (centrin/caltractin), EF-Hand superfamily protein KOG0028 1.00E-09 centrin 2 variant 2 2.23E-09 
GGR MGID2023652 A RNA-binding protein musashi/mRNA cleavage and polyadenylation factor I complex, subunit KOG420S 3.00E-I0 heterogeneous nuclear ribonucleoprotein 2.12E-ll 
GGR MGID2060151 A Nonsense-mediated mRNA decay 2 protein KOG2051 9.00E-2S initiation factor eif-4 middle up-frameshifl 1.57E-26 
GGR MGID1966402 B Predicted histone tail methylase containing SET domain KOG2084 2.00E-04 protein 3.10E-04 
GGR MGID2035990 C Predicted mitochondrial carrier protein KOG0769 4.00E-16 peroxisomal carrier 1.56E-19 
GGR MGID2042509 C Dihydrolipoamide dehydrogenase KOG1335 5.00E-48 mercuric reductase 2.95E-110 
GGR MGID2030231 C Succinyl-CoA synthetase, beta subunit KOG2799 e-134 succinyl- ligase beta-chain 2.13E-U4 
GGR MGI02029056 E Ph ospholipase/ carboxyhyd rolase KOG2551 0.003 cog3129-like protein 1.95E-119 
GGR MGI02029094 K Glucose-repressible alcohol dehydrogenase transcriptional effector CCR4 and related proteir KOG0620 1.00E-10 protein 1.01E-21 
GGR MGI02026854 L Single-stranded DNA-binding replication protein A (RPA), large (70 kD) subunit and related s! KOG0851 8.00E-55 replication protein 70kda 2.80E-48 
GGR MGI02054360 L DNA replication licensing factor, MCM6 component KOG0480 e-114 elegans protein confirmed by transcript e\ 7.94E-97 
GGR MGID2074515 MOT Extracellular protein SEL-l and related proteins KOG1550 0.012 enhanced entry protein 6.02£-10 
GGR MGID2021476 0 Protein disulfide isomerase (prolyl 4-hydroxylase beta SUbunit) KOG0190 3.00E-34 protein 2.35E-43 
GGR MGID2072819 0 Oligosaccharyltransferase, STT3 subunit KOG1292 2.00E-38 oligosaccharyl transferase 6.40E-83 
GGR MGID2074510 0 Molecular chaperone (DnaJ superfamily) KOG0714 9.00E-OS dnaj subfamily c member 7 7.52E-11 
GGR MGIDI08918 0 Predicted pilin-like transcription factor KOG0856 S.00E-14 methionine-r-sulfoxide reductase 8.38E-27 
GGR MGID1963346 0 Molecular chaperone (DnaJ superfamily) KOG0712 3.00E-44 dnaj subfamily c member 7 3.03E-47 
GGR MGID2027673 0 Cyclophi lin type peptidyl-prolyl cis-trans isomerase KOG0865 5.00E-78 peptidyl-prolyl cis-trans isomerase - cyclol 6.99E-66 
GGR MGID2076148 0 Cyclophi lin type peptidyl-prolyl cis-trans isomerase KOG0881 3.00E-24 peptidyl-prolyl cis-trans isomerase 1.17E-65 
GGR MGID2059795 P K+/CI- cotransporter KCel and related transporters KOG2082 3.00E-32 solute carrier family 12 (potassium chloric 1.80E-30 
GGR MGID2032157 Q Pyridine nucleotide-disulphide oxidoreductase KOG0405 2.00E-49 glutathione reductase 2.19E-48 
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MGID# KOG KOG Description KOG# eValue GO Description eValue 
GGR MGIDI08817 R Predicted NAD-dependent oxidoreductase KOG1196 1.00E·32 nadp-dependent oxidoreductase 2.56E-38 
GGR MGID2039744 R Putative Zn-ftnger protein KOG1777 1.00E·54 f-box only protein 6.40E-75 
GGR MGID1963302 S peptidase u34 dipeptidase 1.96E-49 
GGR MGID1985310 S type iii effector ripb protein 1.82E-52 
GGR MGID1993688 S protein 1.28E-23 
GGR MGID2019162 S cysteine repeat modular 1.05E-04 
GGR MGID2031545 S hypothetical protein STIAU_8355 [Stigmat 5.35E-04 
GGR MG1D2041773 S protein fucoxanthin chlorophyll a c proteh 4.02E-31 
GGR MGID2042020 S arylamine n-acetyltransferase 5.72E-30 
GGR MGID2045460 S dna ligase 6.88E-61 
GGR MGI02058816 S protein 2.16E-18 
GGR MGID2073067 S secreted hydrolase 1.87E-17 
GGR MGI02077275 S protein 1.80E-72 
GGR MGI01985599 S nicotinic acetylcholine receptor epsilon su 8.35E-07 
GGR MGI02020190 S protein 1.06E-72 
GGR MGI02023423 S scavenger receptor protein 1.36E-20 
GGR MGI02032103 5 yth domain containing 2 5.17E-11 
GGR MGI02036863 S carbohydrate binding family 6 1.27E-06 
GGR MGI02058425 S 2og-fe oxygenase family oxidoreductase 8.79E-21 
GGR MGI02058568 S protein 2.94E-72 
GGR MGI02060644 5 PREDICTED: hypothetical protein [Mus ml 7.28E-04 
GGR MGI02067651 5 OnnF [symbiont bacterium of Theonella SI 1.13E-20 
GGR MGI02073387 5 C2 domain containing protein 1.49E-07 
GGR MGI02073884 5 lipase 7.33E-54 
GGR MGI02079492 5 rho guanine nucleotide exchange factor 1.89E-08 
GGR MGID2080172 S ankyrin partial 6.52E-06 
GGR MGID2081099 5 transcriptional regulator 5.08E-10 
GGR MGIDI02942 S opioid growth factor receptor 2.43E-33 
GGR MGIDI07341 S 5FI8BORFP (lS5) [Ostreococcus tauri] 2.68E-09 
GGR MGID1942823 S OnnF [symbiont bacterium of Theonella s\ 2.47E-18 
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Table 2 (cant). Putative K. brevis Metacaspase Substrates 
MGID# KOG KOG Description 
GGR MGID1951889 S 
GGR MGID1969933 S 
GGR MGID1970374 S 
GGR MGID1971979 S 
GGR MGID1983431 S 
GGR MGID2022152 S 
GGR MGID2040976 S 
GGR MGID2052799 S 
GGR MGID2057482 S 
GGR MGID2070243 S 
GGR MGID2073512 5 
GGR MGID2075174 5 
GGR MGID2076045 5 




predicted protein [Micromonas sp. RCC29 9.07E-36 
protein 5.26E-12 
monooxygenase fad-binding 2.46E-61 
tubulin-tyrosine ligase family protein 9.18E-25 
kelch-like protein 5 1.13E-22 
phosphatidylinositol 4-phosphate 5-kinasE 8.02E-27 
protein 2.31E-72 
protein fucoxanthin chlorophyll a c proteir 8.98E-17 
type i polyketide synthase-like protein kbf 6.51E-17 
protein 1.37E-72 
protein 8.17E-l1 
tubulin binding protein 4.33E-44 
GGR MGID2068259 TR Proteins containing BTB/POZ and Kelch domains, involved in regulatory/signal transduction I KOG4441 4.00E-45 klh12_xenla ame: full=kelch-like protein 1 6.12E-40 
GGR MGIDI05535 Z Kinesin (KAR3 subfamily) KOG0239 7.00E-45 kinesin-like calmodulin-binding protein 3.98E-40 
GGR MGID1961870 Z Beta tubulin KOG1375 e-167 beta tubulin 3.12E-143 
GGR MGID2031634 Z Kinesin light chain KOG1840 1.00E-08 tpr repeat-containing protein 2.50E-22 
GGR MGID2032016 Z Beta tubulin KOG1375 0 beta-tubulin 0 
GKR MGID2025504 B SNF2 family DNA-dependent ATPase KOG0389 2.00E-74 helicase smarcadl 2.66E-71 
GKR MGID2028246 IQ 3-oxoacyl-(acyl-carrier-protein) synthase (I and II) KOG1394 6.00E-06 polyketide synthase 0 
GKR MG1D2080904 K Glucose-repressible alcohol dehydrogenase transcriptional effector CCR4 and related proteir KOG0620 8.00E-04 predicted protein [Chlamydomonas reinhi 6.23E-06 
GKR MGID2022838 0 Molecular chaperone (DnaJ superfamily) KOG0714 4.ooE-07 chaperone protein 9.12E-07 
GKR MGID2020208 0 Glutathione S-transferase KOG0867 5.00E-32 elongation factor-1 gamma 1.38E-42 
GKR MGID2030055 0 Cyclophilin-related peptidyl-prolyl cis-trans isomerase KOG0882 6.00E-50 protein 1.35E-50 
GKR MGID2032849 R Junctional membrane complex protein Junctophilin and related MORN repeat proteins KOG0231 3.ooE-39 hypothetical protein TTHERM_00535430 I 1.28E-75 
GKR MGID2073463 R Cdc4 and related F-box and WO-40 proteins KOG0274 5.00E-39 wd-40 repeat protein 8.42E-51 
GKR MGID2072748 R Peroxisomal membrane protein MPV17 and related proteins KOG1944 4.00E-15 mvp17 pmp22 family 4.82E-11 
GKR MGID2024352 S protein serine threonine kinase 1.23E-21 
GKR MGID2028024 S protein 1.72E-75 
GKR MGID2040295 5 af204951_52 -1-52 1.0lE-13 
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Table 2 (cant). Putative K. brevis Metacaspase Substrates 
MGID# KOG KOG Description KOG" eValue GO Description eValue 
GKR MGI0107587 S cell surface protein 2.77E-07 
GKR MGID1939115 S chloroplast photosystem ii 12 kda extrinsil 1.88E-28 
GKR MGID1939192 S predicted protein [Micromonas sp. RCC29 4.80E-56 
GKR MGID1982332 S glycosyftransferase 8 domain containing 2 4.83E-06 
GKR MGID1986509 S capsular polysaccharide 6.84E-16 
GKR MGID2034837 S fad dependent oxidoreductase precursor 8.72E-31 
GKR MGID2076066 S Predicted membrane protein, contains two CBS domains KOG2118 1.00E·29 protein 4.42E·42 
GKR MGID2080817 S serine threonine~protein phosphatase 5 (J 4.07E-05 
GKR MGID103107 S protein 2.72E-12 
GKR MGID2020746 S Imbrl-like conserved region family proteir 4.49E-65 
GKR MGID2030089 S protein of clr family 3.41E-06 
GKR MGID2078684 S elegans protein partially confirmed by tral 2.77E-05 
GKR MGID2079869 U Peroxisomal biogenesis protein (peroxin 16) KOG4546 6.00E-10 peroxisomal biogenesis factor 16 1. 11E-09 
GKR MGID1951143 W Collagens (type IV and type XIII), and related proteins KOG3544 9.00E-05 collagen type i alpha 1 6.30E-04 
GKR MGID2065806 W Collagens (type IV and type XIII), and related proteins KOG3544 0.002 collagen-like protein with amino-end fibrc 3.39E-04 
GRR MGJD2044548 A Spliceosomal protein FBP21 KOG0150 1.00E-13 ww domain binding protein 4 2.11E-24 
GRR MGJD2081112 A FtsJ-like RNA methyltransferase KOG3673 1.00E·20 ensangp00000010174-like protein 6.63E-38 
GRR MGID1974870 A RNA-binding protein CUGBP1/BRUNO (RRM superfamily) KOG0144 4.00E-06 fea protein 2.78E-05 
GRR MGID1981849 A ATP-dependent RNA heliease KOG0331 3.00E-G1 dead-box rna helicase 6.63E-51 
GRR MGID2028092 A RNA helicase nonsense mRNA reducing factor (pNORF1) KOG1802 2.00E-04 hemolysin-type calcium-binding region 6.03E·12 
GRR MGID2073035 BD Nucleosome assembly protein NAP-1 KOG1S07 3.00E-14 nucleosome assembly protein 1 2.65E-15 
GRR MGIDI07607 C Vacuolar H+-ATPase Vl sector, subunit B KOG1351 e-132 vacuolar atp synthase subunit 4.79E-114 
GRR MGID2080194 C Vacuolar H+-ATPase V1 sector, subunit B KOG1351 0 vacuolar atp synthase subunit 0 
GRR MGIDI03446 E Cysteine synthase KOG1481 2.00E-57 cysteine synthase 4.66£-55 
GRR MGID2025171 E Prolyl4-hydroxylase alpha subunit KOG1591 3.ooE-15 prolyl4-hydroxylase alpha 2.93E-14 
GRR MGID2065777 E Kynurenine aminotransferase, glutamine transaminase K KOG0257 1.00E-04 glutamine--scyllo-inositol transaminase 0 
GRR MGID1952935 E Predicted spermine/spermidine synthase KOG2352 0.023 hypothetical protein 051_15593 [Oryza sat 6.11E-04 
GRR MGID1988163 E Amino acid transporter protein KOG130S 5.00E-15 solute carrier family member 10 4.68E-13 
GRR MGID1958488 G Galactosyltransferases KOG2246 2.00E-15 isoform c 6.34E-16 
GRR MGID2034112 H Cobalamin synthesis protein KOG2743 7.00£-16 cobalamin synthesis p47k 3.62E-21 
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Table 2 (cont). Putative K. brevis Metacaspase Substrates 
MGID# KOG KOG Description KOG# eValue GO Description eValue 
GRR MGID1983599 J Predicted RNA-binding protein containing PIN domain and invovled in translation or RNA pre KOG3070 
GRR MGID2027707 J Translation initiation factor 4F, ribosome/mRNA-bridging subunit (eIF-4G) KOG0401 
2.00E-07 cold shock protein 
0.001 asparagine-rich protein 
7.29E-09 
3.9SE-05 
GRR MGID2074989 l 
GRR MGID2055147 l 
GRR MGID2074510 0 
GRR MGID1982766 0 
GRR MGID2036677 0 
GRR MGID2041804 0 
GRR MGJD2021402 R 
GRR MGtD2045008 R 
GRR MGID1955215 R 
GRR MGID103532 S 
GRR MGID104910 S 
GRR MGID105462 S 
GRR MGID107311 S 
GRR MGID1943450 S 
GRR MGID1969766 S 
GRR MGID2023238 S 
GRR MGID2040424 S 
GRR MGID2041106 S 
GRR MGID2041563 S 
GRR MGID2046356 S 
GRR MGID2052649 S 
GRR MGID2058702 S 
GRR MGID2063496 S 
GRR MGID2064432 5 
GRR MGtD2074362 S 
GRR MGID2074394 S 
GRR MGID2079429 S 
GRR MGID106013 S 
Helicase of the DEAD superfamily 
DNA topoisomerase III alpha 
Molecular chaperone (DnaJ superfamily) 
FOG: Predicted E3 ubiquitin ligase 
FOG: Predicted E3 ubiquitin ligase 
Predicted E3 ubiquitin ligase 
Sulfatase 
Ca2+-dependent lipid-binding protein (lB1/vesicle protein vp11S/Granuphilin A, contains C. 










dead_2 domain-containing protein 1.06E-04 
signal transduction protein containing nac 3.22E-OS 
dnaj subfamily c member 7 7.52E-11 
ring-h2 finger protein atlSa 1.05E-05 
ring finger protein 32 6.40E-34 
ring finger 10 kiaa0262 rie2 alternatively 5 1.96E-14 
choline-sulfatase 1.80E-139 
c2 domain containing protein 9.35E-06 
KOG0231 1.00E-25 morn repeat 9.81E-39 
helicase-associated [Arthrobacter chlorop 5.44E-08 
predicted protein [Thalassiosira pseudona 1.94E-05 
monooxygenase, FAD-binding [Octadecab 1.22E-15 
protein 1.93E-29 
hypothetical protein Mflv_ 4120 (Mycobac 4.25E-05 
truncated qxw lectin repeat-containing prj 2.64E-04 
hypothetical protein BRAFLDRAFT _91328 4.47E-06 
predicted protein [Phaeodactylum tricorn 1.97E-09 
nod3 protein 2.92E-13 
hydratase decarboxylase family protein 8.14E-10 
pbs lyase heat domain protein repeat-con 3.15E-21 
methyltransferase type 11 2.58E-22 
glyceraldehyde-3-phosphate dehydrogenc 7.87E-04 
aldehyde dehydrogenase 1.15E-38 
hypothetical protein PGUG_04173 [Pichia 6.71E-04 
transposon unclassified 





predicted protein [Phaeodactylum tricorn 3.72E-05 
Table 2 (cont). Putative K. brevis Metacaspase Substrates 
MGID# KOG KOG Description KOG# eValue GO Description eValue 
GRR MGID1955391 5 major basic nuclear protein 1.23E-20 
GRR MGID1985773 5 p80 protein S.B3E-11 
GRR MGID2021083 5 calcium-dependent protein 1.10E-17 
GRR MGID2036004 5 glutamine--scyllo-inositol transaminase 0 
GRR MGIDI04384 5 purple acid S.24E-29 
GRR MGIDI05419 5 glyoxalase bleomycin resistance protein di 2.90E-ll 
GRR MGIDI06246 5 flagellar calcium-binding protein 1.66E-27 
GRR MGIDI08468 5 predicted protein [Thalassiosira pseudona 8.99E-04 
GRR MGID1974285 5 mucin epithelial isoform cra_a 2.03E-04 
GRR MGID1982264 5 purple acid 6.69E-35 
GRR MGID1984606 5 riken cdna 2610003j06 9.24E-09 
GRR MGID2031882 5 t-complex-associated testis expressed 1 7.09E-12 
GRR MGID2053674 5 cytochrome cSS30 family protein 3.25E-46 
GRR MGID2055844 S uncharacterized iron-regulated protein 6. 13E-33 
GRR MGID2080859 T Mitogen-activated protein kinase KOG0660 1.00E-14 mitogen-activated protein 1.13E#26 
GRR MGID1969209 TR Proteins containing BTB/POZ and Kelch domainsl involved in regulatory/signal transduction I KOG4441 4.00E-22 kelch-like 18 4.71E-21 









Z Dyneins, heavy chain 
Z Kinesin light chain 
Z Kinesin-like protein 
5 
B Chromatin remodeling protein HARP/SMARCALl, DEAD-box superfamily 
B Chromatin remodeling protein HARP/SMARCAll, DEAD-box superfamily 
5 
5 
VRPR MGID1985111 5 
VRPR MGID2043583 Z Dyneins, heavy chain 
191 
KOG3595 9.00E-27 dynein heavy chain 
KOG1840 5.00E-06 tetratricopeptide repeat family 




outer membrane protein precursor gna20 8.37E-08 
KOGlOOO 8.00E-19 zinc ran-binding domain containing 3 2.13E-16 
KOGlOOO 4.00E-27 zinc ran-binding domain containing 3 4.52E-28 
PREDICTED: hypothetical protein {Mus ml 8.28E-05 
hypothetical protein MC7420_2255 [Mien 3.05E-08 
calcium-dependent protein kinase 
KOG3595 6.00E-04 cytoplasmic dynein heavy chain 
3.69E-16 
1.01E-04 
Figure 1. Partial multiple sequence alignment of the p20 domain of KbMCl-4. 
Sequences were aligned using ClustalW (BioEdit) and displayed as a sequence logo 
(WebLogo.berkeley.org). Sequence conservation at each position is indicated by overall height 
of the stack with the height of symbols within a stack representing relative frequency of each 
amino acid at a given position. Conservation of the catalytic dyad histidine (pas. 8) and cysteine 









Figure 2. KbMCl transcript contains single nucleotide polymorphisms (SNPs). 
Sequences (n = 100) were aligned using ClustalW (BioEdit) and displayed as a sequence logo 
(WebLogo.berkeley.org). Sequence conservation at each position is indicated by overall height 
of the stack with the height of symbols within a stack representing relative frequency of each 
nucleotide at a given position. ATG start site (pOSe 1) to stop codon is presented (127S bp ORF). 
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Figure 3. KbMCl protein sequence 
Translated KbMCl sequences (n = 100) were aligned using ClustalW (BioEdit) and displayed as 
sequence logo (WebLogo.berkeley.org). Sequence conservation at each position is indicated by 
overall height of the stack with the height of symbols within a stack representing relative 
frequency of each amino acid at a given position. The following domains are underlined: 
prodomain (yellow), p20 domain (green), linker region (dark blue), pi0 domain (light blue), and 
KbMCl antibody epitope (ink). Red stars indicate putative autocatalytic processing sites and 
yellow arrows indicate the conserved histidine/cysteine catalytic sites. 
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Figure 4. Immunoreactivity of K. brevis whole ceillysates with KbMCl antibody. 
A peptide antibody was developed to a 15 amino acid portion of the p20 domain (ProSci Inc). 
The peptide sequence (pink) includes the catalytic diad histidine (A). Western blot analysis of 
mid-logarithmic phase cell lysate identifies a discrete protein band of approximately 29 kDa in 
size corresponding to the proposed activated form of KbMC1 (8, lane 1). 100X peptide 
incubation with the antibody prior to Western blotting blocked 100% of the identified protein 
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Figure 5. Subcellular localization of KbMCl during culture demise. 
(A) Subcellular localization was determined using the anti-KbMC1 peptide antibody, detected by 
incubation with FITC-conjugated secondary antibody, and visualized with confocal microscopy 
(Zeiss 510 Meta Confocal Microscope) (a). Chloroplast autofluorescence (b), Differential 
interference contrast (DIC) (c), and FITC, autoflourescence, and DIC channels merged (d). (8) 
Western blot analysis with anti-KbMC1 peptide antibody cross reacts with a 29 kDa band in 
Trizol extracted whole cell lysate (lane 1), Anaspec lysis buffer extracted whole cell lysate (lane 
2), and 100,DOOg cytosol prep (lane 4). Chloroplast isolations crossreact with the 29 kDa band; 
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Figure 6. Assumed biological model of KbMCl protein. 
The secondary structure of KbMCl inferred by EMBL-EBI Protein Data Bank (PDB) (A). The 
Trypanosome brucei metacaspase 2 (TbMC2) crystal structure was utilized to project the 
biological modelof KbMCl in its full-length form (B) and active form (C, amino acids (KI00-
R329) using Swiss PDB Viewer (http://www.expasy.org/spdbv/). The domain coloring is in 
accordance with the scheme outlined in Figures 3 and 4A. Red arrow indicates active KbMCl 
catalytic pocket accessibility. 
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Figure 7. KbMCl transcript levels decrease during chronological aging 
Independent biological triplicate cultures were sampled for cell abundance (.) and average 
divisioneday-l ± standard deviation were calculated for each time point (0) (A). KbMCl 
transcript abundance presented as Log2 ratio for days 4, 10, 14, and 18 compared to day 6. Bars 
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Figure 8. KbMCl protein abundance during chronological aging and dark treatment 
K. brevis cell abundance (n = 3/timepoint) over a growth curve (A - control) and after dark 
treatment (A - dark treatment, arrow indicates day 8 start to 24h dark treatment). Boxplots for 
densitometry values (8) for control (C, days 4 - 12) and dark treatment (0, days 9 - 11) samples 
(n = 3/timepoint for each treatment). Abbreviations: M, marker; Le, loading control. 
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Figure 9. KbMCl chloroplast form (24 kDa) is induced during ROS-driven death. 
(A) Immunoreactivity of control (Cll) and 80 JlM H202 (H202) to KbMCl antibody. (8) 
Densitometry analysis reveals the induction of the chloroplast form of KbMCl (24 kDa) 
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CHAPTER 5 
CONCLUSIONS AND PERSPECTIVES 
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Over the last decade, significant advances in understanding the molecular biology of 
growth and toxicity in the dinoflagellate, Karenia brevis, have provided a foundation for 
developing tools for answering questions regarding the molecular processes underlying bloom 
progression in this economically and ecologically important organism. K. brevis is responsible 
for the near annual harmful algal bloom events in the Gulf of Mexico. Through the production 
of a suite of potent neurotoxins, the brevetoxins, blooms of K. brevis cause marine animal 
mortalities, human illness, and economic loss in the fisheries and tourism sectors (Larkin and 
Adams 2007). Given that the frequency, severity, and global distribution of harmful algal 
blooms have substantially increased over the last 50 years (Hallegraeff 1993; Hoagland and 
Scatasta 2006), understanding the molecular mechanisms regulating the physiology behind this 
organism's ability to persist for long periods at bloom concentrations, and the often rapid 
termination, has become critical. The molecular mechanisms that underlie these processes 
have remained unexplored in the past because of the complexities of K. brevis molecular 
biology, but with the recent advances in defining the mechanisms regulating K. brevis gene 
expression, directing studies towards understanding these processes have become possible. In 
this dissertation, we investigated the chronological aging process using a transcriptomic 
approach in order to define signatures of bloom progression and determine the genetic context 
K. brevis encompasses when primed for bloom termination. From here, biochemical and 
morphological hallmarks of programmed cell death were explored to determine whether K. 
brevis contains the machinery to induce cell suicide. Finally, a directed approach was taken to 
understanding the involvement of a metacaspase protein in the PCD process. These studies 
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provide the first comprehensive investigation into the involvement of a metacaspase in aging 
and the execution of death in a dinoflagellate. 
The involvement of peD in the maintenance of unicellular life represents an intriguing 
and, until recently, controversial field of study. Programmed cell death is best understood in the 
context of multicellular life, where it is a driver of development and homeostasis through its 
ability to regulate the removal of damaged or mutated cells (Danial and Korsmeyer 2004). 
Through this process, altruistic death at the level of the individual cell benefits the fitness of the 
whole organism. Hallmarks of programmed cell death have now been identified in prokaryotes 
including archaea, gram-positive and gram-negative bacteria, as well as in the eukaryotic lineage 
with members of the Chromalveolata, Excavata, Plantae, and Unikonts represented (reviewed in 
Nedelcu et al. 2011). peD in multicellular organisms is initiated in response to a wide range of 
stress factors ranging from cellular senescence to oxidative stress (Petit et al. 1996; Zhivotovsky 
and Kroemer 2004), and relies on the strict coordination of the caspase family of cysteine 
proteases for cellular execution (Earnshaw et al. 1999). Although cell death with morphological 
changes diagnostic of peD has been identified in unicellular taxa, the molecular machinery 
appears to differ greatly. For instance, canonical caspases are only found in metazoans genomes 
(Boyce et al. 2004; Degterev and Yuan 2008). In addition, differences in peD machinery across 
unicellular taxa have been documented, such as the existence of the apoptosis-inducing factor 
(AIF) in Apicomplexans, but not in the Typanpsomatids (Cande et al. 2002; Wissing et al. 2004; 
Kaczanowski et al. 2011). In this light, characterizing the peD pathway and the molecular 
machinery involved in its execution is important for the elucidation of this pathway's 
evolutionary history. The characterization of this pathway in dinoflagellates is vital to our 
understanding of unicellular peD, as their position in the tree of life is an important juncture 
(Hackett et al. 2004). Dinoflagellates have a complex evolutionary history: they acquired 
212 
photosynthesis through secondary, and in some instances (such as in K. brevis), teriary 
endosymbiotic events, giving rise to their possession of nuclear, mitochondrial, and chloroplastic 
genomes (Keeling 2009). The existence of PCD in unicellular organisms has greatly shifted the 
understanding of its evolution, and several hypotheses regarding the selective pressures on its 
existence and divergence have been proposed (Nedelcu et al. 2010). The consideration that 
PCD has evolved from the resolution of conflicting genomes (Ameisen 1996; Ameisen 2002) 
places dinoflagellates in an interesting position, as they have reconciled many instances of 
genomic conflict and subsequent resolution in their unique evolutionary history (Hackett et al. 
2004; Lukes et al. 2009). 
Historically, the study of PCD, or any other pathway, in dinoflagellates has been 
complicated by their unusual molecular biology. In addition to their complex evolutionary 
history, dinoflagellates contain many molecular features that complicate the central dogma 
regarding the movement of genetic material from DNA to protein, and confound attempts to 
manipulate them genetically. Dinoflagellates contain an enormous amount of DNA (5 x 1010 bp 
in K. brevis) that is packaged into permanently condensed chromosomes with transcription 
thought to occur on peripheral loops (Sigee 1983). K. brevis, like other dinoflagellates, contains 
tandemly repeated copies of the same gene, that often display single nucleotide 
polymorphisms, raising the question of isoform preference and outcomes (Bachvaroff and Place 
2008). Unlike most other eukaryotes, the K. brevis genome is transcribed into polycistronic 
messages that are resolved into monocystronic messages through trans-splicing (Lidie and Van 
Dolah 2007; Zhang et al. 2007; Zhang et al. 2009). Spliced leader (SL) trans-splicing is also found 
in the Trypanosomatids, although is missing from their nearest evolutionary neighbors, the 
apicomplexans and ciliates (Campbell et al. 2000). Interestingly, recent studies have provided 
strong evidence that the SL trans-splicing mechanism has connections with ER-stress induced 
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PCD in these parasitic protozoa (Goldshmidt et al. 2010). Since PCD is defined as a genetically 
controlled cell death process, and its activation is extremely well regulated at many levels, the 
unique evolutionary history and molecular characteristics possessed by dinoflagellates make 
them an important group in the elucidation of this process. 
Due to the extensive repertoire of now available molecular biology tools (Lidie et al. 
2005), K. brevis represents an ideal species in which to address PCD in dinoflagellates. The 
construction of an extensive EST library and subsequent microarray for K. brevis has been 
previously used to investigate the coordination of a stress response pathway in K. brevis (Lidie 
2007; Monroe 2008). Microarray analysis following acute exposure to heat, peroxide, sodium 
nitrite, and lead resulted in an absence of stress-specific transcripts, although across all 
treatments, a global reduction in transcript abundance suggested a transient shutdown of 
transcription. These findings, along with the discovery of the SL trans-splicing mechanism, 
suggested that K. brevis does not modulate gene expression at the transcriptional level. 
However, these studies only queried the acute stress response in logarithmic phase cultures, 
and did not discriminate whether the transcriptome of K. brevis is affected by longer term stress 
resulting from natural aging. To address this distinction, the first objective of this project 
presented in Chapter 2 was to determine if K. brevis contained transcriptomic signatures of 
bloom maintenance, in order to identify discrete pathways involved in the natural aging 
process. This study observed an unprecedented number of significantly changing genes, with 
nearly 30% of the microarray differentially expressed. This reorganization of the transcriptome 
over the growth curve demonstrates that it is in fact responsive, although it suggests that 
differential gene expression occurs on a much longer temporal scale, further adding to the body 
of evidence suggesting that K. brevis regulates its transcriptome at the post-transcriptional level. 
Since the inception of this project, a study on the relative rates of mRNA stability in K. brevis 
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suggested that transcripts remain stable over a range of several hours to three days (Morey, in 
prep). The significantly up- and down-regulated transcripts identified in the chronological aging 
microarray were queried for mRNA stability estimates, and both possessed an average half-life 
of approximately 1.5 days. Furthermore, the individual biological processes that were found to 
be enriched demonstrated similar half-life estimates. Together, these observations suggest that 
coordinated differential expression may be regulated by mRNA stability, but since half-lives 
associated with both directions of transcript abundance change were not different from each 
other, the aging microarray results accurately reflect the poised transcriptomic environment in 
this context. Studying the mechanisms by which transcripts are differentially stabilized may 
provide better resolution of their function over the aging process (Rossini et al. 2003), and the 
current work has identified a substantial list of biological processes to direct such studies. 
Overall, this is the first study in K. brevis demonstrating that drastic transcriptomic 
reorganization is possible, and reflects the physiological changes associated with the transition 
to a nondividing state during the chronological aging process. 
Although the microarray yielded an extensive list of biological processes altered over 
the aging process, putative genes involved in the induction of programmed cell death were not 
identified. To better understand the connection between the transcriptomic context identified 
in the first aim and presence of a PCD-like pathway in K. brevis, hallmark morphological and 
biochemical changes associated with PCD were examined in Chapter 3. In this work, we 
identified that K. brevis exhibits caspase-like activity, whose induction coincided with the 
transition into stationary phase. During the course of this project, a similar study was reported 
in K. brevis and K. mikimotoi demonstrating the induction of caspase-like activity over a long 
timescale, further supporting the finding that K. brevis contains caspase-like activities during the 
aging process (Bouchard and Purdie 2011). The morphological changes indicative of a PCD 
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pathway over the growth curve were difficult however to resolve, but it was apparent that K. 
brevis cells were experiencing oxidative stress. Oxidative stress has previously been implicated 
in the chronological aging program and the induction of peD in yeast and other unicellular 
eukaryotes (Madeo et al. 1999; Jeon et al. 2002; Fabrizio et al. 2004; Herker et al. 2004; 
Carmona-Gutierrez et al. 2010). Furthermore, a seminal study in the dinoflagellate Peridinium 
gatunense by Vardi et al. (1999) experimentally linked ROS with the induction of peD phenotypic 
changes that were dependent on cysteine protease activity. Based on the precedence in the 
literature and the apparent increase in ROS levels during stationary phase, we chose to use a 
discrete hydrogen peroxide treatment to induce caspase-dependent cell death, and to better 
elicit the morphological changes indicative of peD. In addition to the examination of caspase 
activity through the cleavage of fluorogenic substrates (Gurtu et al. 1997), the induction of 
caspase-like activity was evaluated with an it situ marker and demonstrated that caspase activity 
is induced in a context specific manner. The observation that K. brevis caspase-like activity is 
induced in cells undergoing nuclear migration and swelling, as opposed to massive cytoplasmic 
blebbing, suggests that the caspase activity is specific to apeD-like morphotype during oxidative 
stress, lending new insight into the connection between capase activity and peD morphology in 
a dinoflagellate (Vardi et al. 1999; Franklin and Berges 2004). In addition, the observation that 
DNA fragmentation appeared to occur in the caspase positive cells further exemplifies that K. 
brevis contains hallmark changes in accordance with a PCD pathway (Bouchard and Purdie 
2011). DNA fragmentation has been identified in a number of other studies in phytoplankton 
(Vardi et al. 1999; Bouchard and Purdie 2011); however, the mechanisms of DNase activity in 
dinoflagellates are not fully understood. The TUNEL assay reflects the presence of DNA nicks 
through the staining of free 3-0H ends of DNA, and does not evaluate the typical DNA laddering 
pattern associated with PCD-driven endonuclease activity; given that dinoflagellates lacks 
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nucleosomes, the exact mechanism of DNA damage in during PCD is unknown (Herzog and 
Soyer 1981; Rizzo 2003). In summary, this work has demonstrated for the first time in a 
dinoflagellate the direct connection between caspase activity and the induction of PCD 
morphologies (Vardi et al. 1999; Franklin and Berges 2004; Bouchard and Purdie 2011). 
One of the most novel findings in this dissertation was the identification of canonical 
caspase substrates in the K. brevis proteome and the subsequent characterization of the 
cleavage potential of S-adneosylmethionine synthetase (KbAdoMetS) by caspase 3. 
Bioinformatic investigation of the caspase degradome has become increasingly more accurate 
as prediction algorithms have begun to account for secondary structure and solvent exposure 
dramatically decreasing the false positives rate (Wee et al. 2009). The combined approach with 
Pripper and CasCleave predicted previously described caspase substrates as well as novel 
targets. The cleavage analysis by MALDI-TOF of the KbAdoMetS caspase cleavage motif went 
beyond the currently used approaches to understanding the PCD process in phytoplankton, and 
provided a novel analysis of the connection between caspase-like enzymes and the biological 
consequences of their activity. The determination of KbAdoMetS as a caspase substrate of 
DEVDase activity in K. brevis bears exciting implications, as AdoMetS is a biological hub for many 
processes (Pajares and Markham 2011). Dinoflagellates contain unique S-adenosylmethionine 
synthetases that have been shown to regulate cell proliferation (Ho et al. 2007). Cleavage of 
KbAdoMetS by recombinant caspase 3 represents the first step in understanding the connection 
between the assayed caspase activity and the dinoflagellate degradome. Further clarification of 
this process in vivo is needed to identify the biological consequences of K. brevis AdoMetS 
cleavage, and represents an exciting avenue for further research in the context of PCD. 
AdoMetS also represents a major hub in the biosynthetic pathway of the ecologically important 
compound, dimethylsulfoniopropionate (DMSP), produced by various phytoplankton species 
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(Kiene et al. 2000). Over the last few decades, regulation of DMSP in the environment has 
become an important topic as perturbations in the DMSP biogeochemical cycle have major 
implications for climate change (Lyon et al. 2011). The connection between the dinoflagellate 
caspase degradome and global climate regulation represents an interesting line of future work. 
The identification of caspase 3-like enzyme activity and increased protein abundance 
during ROS-driven death with diagnostic morphological changes indicative of a PCD pathway in 
K. brevis supports previous work in dinoflatellates demonstrating the existence of a PCD 
pathway. This work makes clear the connection between caspase activity and PCD, although 
like other groups, we suggest that K. brevis does not contain bona fide caspases, and the 
subtilisin family is the most likely culprit for coordinating this activity in K. brevis (Coffeen and 
Wolpert 2004; Chichkova et al. 2010; Thamatrakoln et al. 2011; Vartapetian et al. 2011). This 
finding has been inferred from sequence analysis, and thus future work empirically 
demonstrating caspase activity by K. brevis subtilisins is essential for deciphering the PCD 
machinery. Although the sequence analysis presented in this work, along with other studies, 
clearly excludes the metacaspases as coordinating the observed caspase activities, there is 
precedence for a potentially separate role for metacaspases in the PCD pathway (Sidle et al. 
2007; Sidle and Sender 2008). To this end, the final aim of this study sought to test whether 
the K. brevis metacaspase 1 protein (KbMC1) was involved in PCD pathway. 
In Chapter 4, the characterization of KbMC11ed to the intriguing finding that it 
possesses dual localization in the cytosol and chloroplast. Based on its sequence homology with 
AtMC1, we have hypothesized similar interactions of KbMC1 with other Zn-finger domain-
containing proteins as a mechanism for KbMC1 regulation (Watanabe and Lam 2005). Given 
that the KbMC1 DNA sequence contained SNPs indicative of a tandemly repeated genetic 
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arrangment, questions regarding whether KbMC1 contains different isoforms resulting in the 
opposing locations or whether KbMC1 contains alternative autocatalytically active forms remain 
unresolved. The resolution of KbMC1's protein expression pattern during ROS-driven PCD 
identified for the first time a connection between chloroplastic metacaspase expression and the 
onset of PCD in a phytoplankton species. Moreover, the modified bioinformatic approach from 
Chapter 3 to investigate the metacaspase degradome in K. brevis represents the first study to 
identify metacaspase substrates in a phytoplankton species. This approach contained obvious 
drawbacks since substrate recognition motif searches for the fluorogenic substrates previously 
cleaved by other metacaspases are quite common in the proteome. We therefore suggest that 
the false positive rate in this analysis is most likely very high and targeted biochemical and mass 
spectrometry analyses like those presented in Chapter 3 may resolve this question. However, 
the observed induction of the chloroplastic form of KbMC1 coincided with the induction of PCD, 
and connections between the putative chloroplast-specific metacaspase substrates and the 
resolution of PCD in this organism are intriguing. The selective degradation of mitochondria 
during mitophagy has received considerable attention in its connection to metazoan death 
programs including PCD, autophagy, and necrosis (Youle and Narendra 2011), while the 
involvement of chloroplast degradation (chlorophagy) remains largely uninvestigated in 
photosynthetic organisms (Hayward et al. 2009; Seay et al. 2009). The data in this study clearly 
raises questions regarding the function of KbMC1 in chloroplast physiology; therefore, future 
work could be directed toward identifying the potential role of chlorophagy in PCD, and whether 
KbMC1 mediates these processes in K. brevis. The crosstalk between caspase and metacaspase 
activity has been identified in the shared cleavage of Tudor Staphylococcal Nuclease (TNS) in the 
Norway spruce (Sundstrom et al. 2009), and raised questions regarding the connection between 
the K. brevis caspase and metacaspase degradomes. The current study identified a shared 
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substrate (MGID2075952) containing both DEVD and FESR cleavage motif sites, annotated as an 
ankryin domain containing protein. Interestingly, the protein targeting software, WolfPSort, 
found this protein to contain a weak chloroplast transit peptide. Ankryin repeat proteins have 
connections to chloroplast differentiation, protein import, as well as the direct connection to 
PCD, thus the characterization of this substrate in future studies is of interest (Zhang et al. 1992; 
Chan et al. 1999; SchUnemann 2004; Li et al. 2006). The coordinated expression of 
photosynthesis related genes was also found to be enriched during the aging process. Together, 
the work described in this dissertation highlights the need for a better understanding of the role 
of chloroplasts in the death processes of dinoflagellates. 
Dinoflagellates represent an important group of organisms for our understanding of the 
programmed cell death pathway, and acquiring more knowledge of this pathway in K. brevis is 
important for directing mitigation and control strategies. As outlined in the 2005 - 2015 
Harmful Algal Research and Response National Environmental Science Strategy (HARRNESS), 
management and control strategies are needed to reduce impacts on coastal resources, local 
economies, and threats to public health (Ramsdell 2005). The plan outlines the need to develop 
indicators of bloom progression as well as effective and environmentally sound techniques to 
reduce and control HABs. Currently, K. brevis HAB forecasting relies on satellite-derived images 
of chlorophyll concentrations, in combination with wind and current models (Stumpf et al. 
2008). The work outlined in Chapter 2 has provided the means to develop the global aging 
signature into a portable method for forecasting bloom progression. The microarray work 
clearly demonstrates that K. brevis contains drastically different transcriptomic signatures in 
logarithmic (growth) and stationary (maintenance) phases. Antibody-based approaches for HAB 
toxin detection are currently employed on the Environmental Sample Processor (ESP) (Doucette 
et al. 2009), and have the potential to include additional chemistries to create new assays. In 
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addition, many of the morphological and biochemical changes associated with PCD (defined in 
Chapter 3) may be used as indicators of bloom termination. This work may be optimized to 
integrate into the FlowCAM system, which provides semi-automated recognition and 
enumeration of K. brevis cells. The work from this dissertation provides a framework to direct 
the possible integration of morphological data into this system (Buskey and Hyatt 2006). The 
extent to which K. brevis exhibits these morphological changes in bloom populations is currently 
unknown, although current discussions with collaborators are already underway to carry out 
such studies (Paul Zimba, personal communication). 
The work presented in this dissertation has greatly advanced our understanding of PCD 
in a toxic dinoflagellate, provided insights into the physiological changes associated with 
chronological aging, and provoked new questions to be explored. This work established that K. 
brevis exhibits PCD under oxidative stress, and has provided a framework to answer questions 
regarding the exact role KbMCl plays in this system. The data presented here suggest KbMCl 
could be acting similarly to AtMC1; thus, understanding the mechanism of activation and 
localization is critical. Since it appears that the chloroplastic for of KbMCl is important in PCD, 
the verification of its substrates in the chloroplast would provide insight into whether this 
protein does in fact degrade the photosynthetic machinery, as hypothesized. Verification of 
proposed caspase and metacaspase substrates by MALDI-TOF would aid in discriminating false 
substrate predictions, and elaborating the biological consequences of enzyme activity. The role 
of KbMCl in the chloroplast is of utmost concern given its induction during PCD. Co-
immunoprecipitation of KbMCl and its interacting proteins would provide further clues into its 
function in the chloroplast. Together, this study has resulted in novel findings and important 
tools for the continuation of this work into the future. Continued expansion of our knowledge 
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of aging and death in K. brevis will greatly contribute to biological strategies for HAB mitigation 
and control, as well as elucidate the evolutionary history of these fascinating processes. 
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